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Ti-6Al-4V has a wide range of applications such as in the automotive and 
aerospace industries. Nevertheless, titanium alloys are very difficult to machine by 
conventional methods. Micro-EDM is a non-conventional machining method that uses 
the thermal effect of precisely controlled sparks. Manufacturers are looking for the 
methods and optimal settings to increase the productivity of micro-EDM in terms of 
lessening machining time and tool wear. Moreover, surface integrity of the machined area 
is crucial for some products such as biomedical implants. 
The objective of this study was to investigate the effects of the micro-EDM 
process parameters on response variables, in order to understand the behavior of each 
parameter as well as to determine their optimal values. Although, there is a substantial 
amount of literature studying different aspects of micro-EDM, most of them were 
designed based on the one-factor-at-a-time experiments instead of studying all factors, 
simultaneously. This research was conducted through a series of experiments using a full 
factorial design. An analysis of variance was employed to analyze the findings and to 
determine the effect and significance of each process parameters on the response 
variables. 
The process parameters included voltage, capacitance, electrode rotational speed, 
and electrode coating. Voltage and capacitance were studied separately as well as in 
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combination in terms of the discharge energy. Response variables consisted of machining 
time, tool wear, crater size, microhardness, and element characterization. The surface 
morphology and element characterization were studied through the application of SEM 
and EDS analysis. 
The findings indicated that voltage had a decreasing effect on machining time, 
while it increased the crater size. Capacitance decreased machining time and tool wear. It 
had an increasing effect on the surface hardness. The effects of the TN-coating and 
electrode rotational speed were not statistically significant. Voltage and capacitance were 
the only parameters affecting element characterization. The affected elements included 
Ti, Al, C, and W. The optimal process parameters for two sets of response variables were 
determined using Minitab 17. 
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Introduction 
Titanium has a high strength and corrosion resistance at an elevated temperature. 
Aluminum, vanadium, and other alloying elements improve its fabricability, strength, and 
hardenability. Ti-6Al-4V and other titanium alloys have a wide range of applications 
including manufacturing parts in aircrafts and racing cars as well as biomedical 
applications such as orthopedic implants (Kalpakjian & Schmid, 2006). Nevertheless, 
titanium alloys are very difficult to machine using conventional methods due to their 
hardening characteristics, poor heat conductivity, and so forth (Meena & Azad, 2012). 
EDM is a non-conventional machining method using the thermal effect of 
precisely controlled sparks on electrically conductive materials, regardless of its hardness. 
The spark occurs between an electrode and a workpiece immersed in a dielectric fluid 
(Jameson, 2001). Micro-EDM is used for fabrication of parts and holes on the scale of 
microns. It is based on the same principles applied in macro-EDM. The main difference 
between macro-EDM and micro-EDM is the radius of the plasma channel, which is much 
smaller than the electrode size in macro-EDM (Jahan, 2013; Katz & Tibbles, 2005). 
Several papers studied the process parameters of macro-EDM and micro-EDM in 
achieving the desired response variables in terms of material removal rate (MRR), tool 
wear ratio (TWR), and surface quality. These experiments were varied based on the 
selection of the micro-EDM process parameters, response variables, type of EDM process 
(die-sinking EDM, wire EDM, ultrasonic-assisted EDM, and so on), experimental design 
methodologies, and a broad range of workpiece materials. 
In this research, the RC-type micro-EDM machine was utilized to conduct an 
experimental study to find out models, equations, or techniques to describe the 
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relationship between the micro-EDM process parameters and the response variables in 
micro-EDM of Ti-6AL-4V alloy based on a full factorial design. An analysis of variance 
(ANOVA) and a multivariate analysis of variance (MANOVA) were used to determine 
the significance of the effects of the micro-EDM process parameters on the response 
variables. The regression analyses were conducted to find out the models and equations 
showing the relationship between the process parameters and the response variables. The 
optimal process parameters for two sets of response variables were determined using 
Minitab 17. A complete list of abbreviations is defined in appendix A.  
Problem Statement 
Titanium alloys are increasingly being used in products, such as aircrafts and 
orthopedic implants, which require high strength, corrosion resistance, low weight, and 
low wear ratios. The downside of using titanium alloys is that they are extremely difficult 
to machine using conventional methods. One of the non-conventional methods is electrical 
discharge machining (EDM), which has the ability to machine any electrically conductive 
material, regardless of its hardness. Subsequently, micro-EDM was utilized to make 
micro-features with higher surface quality.  
As in any other machining process, in micro-EDM, the main objective is 
producing a high quality product, while maintaining a highly productive process. There is 
a substantial amount of literature regarding EDM, mostly macro-EDM, in pursuit of 
optimal process parameters to achieve both the surface quality and the process 
productivity.  
The optimal parameters in micro-EDM vary by the expected responses in different 
materials. Moreover, the weight and importance of these responses may change based on 
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the manufacturer priorities as well as the product applications. Understanding the 
relationship between the micro-EDM process parameters and the response variables in 
terms of a specific model, equation, or technique is crucial for defining the optimal values 
for different applications. 
The problem raised in this research, based on the literature review, was defining 
models, equations, or techniques to describe the relationship between the micro-EDM 
process parameters and the response variables. The process parameters included voltage, 
capacitance, discharge energy (the combination of voltage and capacitance), electrode 
rotational speed, and titanium nitride (TN) coating. The response variables consisted of 
machining time, tool wear, microhardness, crater size, and element characterization. The 
research problem was limited to the use of the RC-type micro-EDM for generating micro-
features, i.e. blind holes and slots, on Ti-6Al-4V alloy. 
Significance of the Research 
Among titanium alloys, Ti-6Al-4V grade 5 is the most commonly used alloy with 
an important range of applications in different industries such as aerospace and bio-
implant. Manufacturers are looking for new methods and techniques to improve the 
productivity of micro-EDM in terms of lessening machining time and tool wear, which 
consequently result in an on-time delivery and cost reduction. Furthermore, the quality of 
products, particularly the surface integrity, should meet the defined requirements and 
applications. Surface integrity of the EDM machined area is one of the important features 
of a product. It can affect such properties as corrosion resistance, fatigue strength, and 
durability (Kalpakjian & Schmid, 2006). Fabricating the desired micro-features using 
micro-EDM requires a profound understanding of the micro-EDM process parameters and 
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their relationship with the combination of the response variables, in order to find out the 
optimal values of these parameters.  
The results of this study described the relationship between the micro-EDM 
process parameters and an important set of the response variables. Using the models, 
formulas, or techniques provided in this study, manufacturers could determine the optimal 
values of the micro-EDM process parameters to achieve the desired responses. These 
responses address both the process productivity and the product quality. Furthermore, 
research centers and R&D departments could use the experimental design and data 
analysis techniques provided in this study to investigate the effect of the micro-EDM 
process parameters on other materials other than Ti-6Al-4V alloy. 
Purpose of the Research 
Three objectives were defined in this research. The first objective was to identify 
the level of importance and effects of the micro-EDM process parameters on the response 
variables, including their main effects and interaction effects. The second objective was to 
determine the optimal values of the micro-EDM process parameters, providing that all 
response variables have an identical weight and importance. The third objective was 
demonstrating the role and the importance of the application of a full factorial design as 
well as an analysis of variance (ANOVA) and a multivariate analysis of variance 
(MANOVA) in the micro-EDM process improvement in the context of research centers 
and R&D departments. 
Research Questions 
Two research questions were propounded in this study. The first question was 
about the effect and significance of the micro-EDM process parameters on the response 
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variables in terms of machining time, tool wear, microhardness, crater size, and element 
characterization. The second question focused on finding the optimal values of the micro-
EDM process parameters in order to achieve desired response variables. The parameters 
under study were voltage, capacitance, discharge energy, electrode rotational speed, and 
the TN-coating.  
Assumptions 
The following assumptions were made for the purpose of this study: 
1. All experiments were conducted precisely according to the defined methodology. 
2. The workpieces used in this study, i.e. different Ti-6Al-4V plates, were similar to 
each other regarding their physical characteristics and the chemical compositions.  
3. The electrodes used in this study were isotropic. 
Limitations 
The micro-EDM machine used in this study had two important limitations. First, 
the machine did not have the dielectric flushing system. Therefore, the chips produced 
during machining could affect the performance of machining activities. To minimize the 
effect of non-circulatory dielectric system, the used dielectric was changed after each trial. 
The second limitation of the micro-EDM machine was the absence of a servo control 
system. The servo control system adjusts the discharge gap based on the feedback system. 
In this study, the researcher manually adjusted the discharge gap. Therefore, the number 
of DC arcs, in which the electrode directly contacts the workpiece, increased. DC arcs can 
affect the response variables, such as tool wear and machining time. To minimize the 
adverse effect of this limitation, all experiments were conducted repeatedly, i.e. three 
replications, and only by the researcher. The researcher followed the same systematic 
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procedure throughout all experiments. Moreover, an analysis of variance was employed to 
analyze the significance of variation among the replications. 
Delimitations 
The researcher delimitated the scope of this research to the RC-type EDM 
machining parameters. The only electrodes used in this experiment were uncoated WC 
electrodes and TN-WC electrodes. Other independent variables such as different types of 
dielectrics and electrodes were not in the research. Moreover, Ti-6Al-4V alloy was the 
only workpiece, which was studied in this research. 
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Review of Literature 
Electrical discharge machining (EDM) is a nonconventional machining technique, 
in which materials are removed from both the electrode and workpiece by electrical 
discharge without any physical contact between the electrode and workpiece. The 
mechanism of EDM is based on the thermal energy and heat introduced by the electrical 
discharge. The frequency range of sparks generated in each second is between 2000 and 
500000 sparks (Jameson, 2001). EDM has no tool force and the machining of any 
workpiece, irrespective of its hardness, can be performed so long as it is electrically 
conductive. EDM can be conducted in macro or micro scales. 
Several experiments were conducted to evaluate and optimize the EDM process 
performance, which will be presented subsequently. These experiments are varied based 
on the selection of electrical and non-electrical process parameters, response variables and 
their measuring methods, type of electrical discharge process and techniques (die-sinking 
EDM, wire EDM, ultrasonic-assisted EDM, and so on), experimental design 
methodologies, and a broad range of workpiece materials. The basic components of a die-
sinking EDM machine include power supply, servo controller, electrode, dielectric fluid, 
and workpiece holder.  
EDM Power Supply 
The power supply consists of different subassemblies, from which the subassembly 
for DC-power source is used for spark generation (Jameson, 2001). Two configurations of 
pulse supply exist, i.e. RC pulse supply and transistor pulse supply. The function of RC 
pulse supply is based on the charging and discharging of the capacitor. The transistor 
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pulse supply controls the transistor state by changing the spark on/off timing (Minhat et 
al., 2014).  
In RC pulse supply, the capacitor-charge time is comparable to pulse off time, 
which is controlled by the current of electricity through the resistor. The capacitor 
discharge time is considered as the pulse on time (Jameson, 2001). The EDM power 
supply and different EDM process parameters are utilized to control machining 
performance. These parameters are discussed later in the paper. 
Depending on the EDM application, both types of power supplies are employed. 
While the transistor pulse supply produces a higher removal rate and is most commonly 
used in macro-EDM, the RC power supply is utilized in creating fine surfaces and micro 
machining (Jahan , 2013; Jameson, 2001). In this research, the RC-type pulse supply was 
employed for conducting the experiments. Therefore, the literature discussing EDM using 
the RC power supply was reviewed. 
The Electrode 
The electrode has an important role in electrical discharge machining. Different 
studies were conducted to evaluate the effects of different electrode materials on MRR, 
TWR, and surface roughness. The overall performance of the electrode depends on the 
tool materials properties, particularly the boiling point, melting point, and thermal 
conductivity as well as the priority of the relevant response variables, i.e. MRR, TWR, and 
surface integrity. Tsai and Masuzawa (2004) conducted an experimental study evaluating 
the performance of different tool materials including Ag, Al, Cu, Fe, Mo, Ni, Pt, Ti, and 
W.  They concluded that the TWR of tungsten was the lowest due to its high melting and 
boiling points. They reported the lower TWR of copper and silver compared to iron and 
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nickel electrodes. They attributed this finding to the higher thermal conductivity of copper 
and silver.  
Coated electrodes are also used for micro EDM to improve the machining 
performance. Jahan, Wong, and Rahman (2009a) investigated the effects of different 
electrodes including tungsten, copper tungsten, and silver tungsten (AgW) to achieve fine 
surface finish in micro-EDM of WC. Considering all responses, they concluded that AgW 
was the best electrode for finish die-sinking of WC. Chiou, Tsao, and Hsu (2015) 
conducted a comparison study of the performance of WC electrode and WC coated 
electrode by Ag and Cu. They reported the lowest surface roughness using the WC-coated 
Ag, the highest MRR by the WC-coated Cu, and the lowest TWR by the WC electrode. In 
a similar study, Kadirvel, Hariharan, and Mudhukrishnan (2014) studied the die-sinking 
micro EDM of EN-24 using different electrodes including tungsten, copper, copper 
tungsten, and silver tungsten and identified that Cu provided the highest MRR, W gave the 
lowest TWR, and AgW exhibited better surface finish. 
Besides different types of materials and coating, the shape of the electrode can also 
affect the EDM performance. Plaza et al. (2014) studied the effect of helical-shaped 
electrodes on micro-EDM drilling of Ti-6Al-4V. They reported 37% reduction in 
machining time of a micro hole with high aspect ratio of 10:1. 
The Servo Control System 
There are different servo control systems to maintain a proper sparking gap 
between the electrode and workpiece. The first step of a control system is to discriminate 
between the normal spark and DC arcs. The sparking gap conditions can be identified 
using the gap voltage signal, the current signal, and radio frequency signal (Wang et al., 
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1995). Different control systems were introduced to respond to these measured gap 
signals, such as EDM fuzzy logic servo control system, EDM fuzzy logic knowledge base 
control system, and EDM adaptive auto-jumping control system (Rajurkar & Wang, 
1997). Yu et al. (2003) reported a considerable improvement in MRR by applying the 
planetary movement to the electrode. The servo control system can prevent the DC arc, 
which is an abnormal discharge or direct contact between the electrode and the workpiece.  
The DC arc. Jameson (2001) defined the DC arc as a condition, in which the 
sparking electricity continues to flow between the electrode and workpiece. Therefore, the 
deionization of dielectric fluid that normally happens after each spark does not occur. 
When the EDM machine initiates the next spark, the electricity is still flowing at the 
previous spark point resulting in a DC arc and no forward movement. A sustained DC arc 
can damage the electrode and the surface of the workpiece. Yu et al. (2003) attributed the 
occurrence of short circuits and abnormal discharges to debris concentration in the 
sparking gap, resulting in high TWR and low MRR. Since the ejection of debris in a very 
deep hole is more difficult, the occurrence of abnormal discharges is higher. In 
comparison between EDM oil and deionized water as the dielectric, Yu et al. (2003) stated 
abnormal discharges are higher in the former due to carbon decomposition. 
Poor flow of dielectric fluid over the sparking area can affect its chip removal 
function. Deposition of carbon as an EDM sparking chip can prevent the dielectric from 
deionization at that point resulting in DC arcing. Increasing the pulse-off time and 
retracting the electrode and then returning to the sparking position are the mains actions to 
prevent DC arcs (Jameson, 2001). Five basic sparking gap conditions were defined, 
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including open voltage, normal spark, transient unstable spark, harmful stable arc, and 
short circuit (Wang, Rajurkar, and Akamatsu, 1995). 
The Process Parameters in Micro-EDM 
The basic mechanism of EDM is the occurrence of thousands of sparks per second 
between the electrode and workpiece. After applying a specific voltage, a column of 
ionized dielectric molecules is formed between the electrode and the workpiece, i.e. the 
plasma column. At this point, the dielectric fluid is no more an electrical insulator but an 
electrical conductor. By increasing the intensity of current, electrons pass through the 
plasma column and form an electrical spark. As the spark occurs, the small portion of the 
workpiece is heated above its melting temperature. Some parts of the molten material 
solidify and flush away and the rest may remain in the workpiece. After each spark, the 
dielectric needs a time to discharge and be ready for the next spark (Jameson, 2001).  
In micro-EDM, the discharge energy should be limited to make an accurate surface 
finish, i.e. 10-6 to 10-7 J (Jahan, Rahman, & Wong, 2011a). Jahan (2013) explained the 
main process parameters in both the transistor and the RC type of micro-EDM machine. In 
an EDM machine with a transistor pulse supply, these parameters are gap voltage, peak 
current (Ip), pulse on time (T on), and pulse off time (T off). The main process parameters 
in RC type of an EDM machine consist of voltage, resistance, and capacitance. 
In micro-EDM and accurate finishing, the RC pulse supply is primarily used 
because of its ability to generate a very short pulse duration with a constant pulse energy. 
In a RC pulse supply, discharge pulse duration is defined by the capacitor, while the 
resistor decides on the frequency of discharge (Jahan, 2013). In RC discharging circuit, 
the energy stored in the capacitor (E) is the function of capacitance (C) and voltage across 
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the capacitor (V) that is formulated in Equation 1 (Pahnit, Dan, & Mart, 2001). It should 
be noted that capacitance in Equation 1 includes the used capacitance and the stray 
capacitance. The latter exists between the different parts of micro-EDM (Jahan, 2013). 
 = 0.5		 (1) 
 For electrodischarge machining using RC pulse supply, several studies evaluated 
the effect of process parameters to optimize the EDM performance outputs. Jahan, 
Kakavand, Kwang, Rahman, and Wong (2015) studied a vast range of process parameters 
in different levels during micro-EDM of an aluminum alloy AA 2024. They reported an 
improved MRR by increasing capacitance and decreasing the resistance. The inverse 
situation, i.e. lower capacitance and higher resistance, resulted in unstable machining and 
short-circuiting. They also stressed the importance of gap control parameters and process 
instability due to frequent arcing. Jahan, Rahman, and Wong, (2011b) investigated the 
surface characteristics of cemented WC-Co after micro-EDM using graphite nano-
powder-mixed dielectric. They first found the optimal concentration value of graphite 
nano-powder while the other parameters maintained constant. After achieving 0.2 g/L as 
an optimal concentration value, they conducted more experiments to obtain the optimal 
value for voltage and capacitance. 
Jahan, Wong, and Rahman (2010) studied the effect of discharge energy and 
electro-thermal properties of WC-Co and SUS 304 on EDM performance. They evaluated 
different types of responses such as surface quality, circularity, overcut, taper angle, 
machining stability (abnormal gap sparks), MRR, and TWR. They concluded that WC-Co 
was better in all responses except TWR. They attributed this result to the thermal and 
electrical properties of WC-Co. Yu, Rajurkar, and Narasimhan (2003) evaluated the 
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effects of different machining parameters as well as different shapes of machined area on 
the response variables such as MRR, TWR, and surface roughness. They concluded that 
besides pulse energy, which is determined by voltage and capacitance, other factors such 
as aspect ratio, debris contribution, dielectric and tool path are also important for 
generating micro features by micro-EDM. 
In the similar study, Natarajan and Suresh (2015) conducted a series of 
experiments to create microholes on SUS 304 using different EDM process parameters. 
They calculated the discharge energy given by	 = 0.5 ∗  ∗ 	, and evaluated the 
response variables such as MRR, TWR, overcut, and taper angle on its basis. They 
reported that by increasing discharge energy, overcut, TWR, and MRR were increased. 
Singh, Patowari, and Deshpande (2013) studied the effect of changing micro-EDM 
parameters on the hole diameter and subsequently taperness. They changed voltage, 
capacitance, and polarity, and developed a regression model to predict the diameter of 
microhole. Based on their observation, the most effective factor for overcut was 
capacitance, followed by voltage and polarity.  
Tai, Masusawa, and Lee (2007) studied the use of micro-EDM in drilling deep 
microholes in SKD61. They reported that the range of 60 to 100 V is suitable for precise 
machining. They attributed the detrimental effect of capacitance with a value of 20pF or 
smaller, on TWR and overcut, to the problems involved in stray capacitance in the circuit. 
Porwal, Yadava, and Ramkumar (2013) studied the effect of process parameters in the 
hole drilling EDM of Ti alloy, such as voltage, capacitance, and tool rotation speed. 
Moreover, they presented an integrated or hybrid optimization approach by applying Grey 
Relational Analysis (GRA) and Principal Analysis (PCA) to achieve an optimal value 
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considering all responses such as MRR, TWR, taperness, and overcut. They reported that 
130 V for gap voltage, 10000 pF for capacitance, and 170 RPM for electrode rotation was 
the optimal combination of process parameters. 
Shao and Rajurkar (2013) worked on the determination of the pulse energy 
distribution in micro-EDM. They used the dimensions of the generated craters instead of 
direct measurement of the electrode temperature. The independent factors in their study 
were voltage and capacitance. They reported that 9.4% of the pulse energy was distributed 
to the anode and 3.6% to the cathode. Kadirvel and Hariharan (2014) conducted several 
experiments on EN-24 die steel using a CNC micro-EDM machine. They defined four 
independent variables in four levels including gap voltage, capacitance, feed rate, and 
threshold. To find out the optimal responses regarding MRR, TWR, and surface 
roughness, they used the Taguchi method and GRA. As a result, they reported that the 
optimal values were the gap voltage of 80V and capacitance of 100 pF. Furthermore, they 
reported that the most influencing factor was capacitance. 
Sundaram, Pavalarajan, and Rajurkar (2008) investigated the effect of an 
ultrasonic vibration system on the micro EDM performance indicators including MRR and 
TWR. They applied the vibration system with a 45 W power to the workpiece. Based on 
their experiments, the optimal values were the vibration at 60% of the peak power and 
capacitance of 3300 pF. Jahan, Wong, and Rahman (2009b) compared the effect of 
process parameters between an RC-type and a transistor-type power supplies in micro-
EDM of WC. They concluded that the RC-type pulse generator is more appropriate for the 
fabrication of accurate parts with smoother surfaces. The discharge energy in RC-type can 
be easily controlled by gap voltage and capacitance (Equation 1). Controlling the 
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discharge energy in a transistor type of pulse generator is more difficult and needs the 
proper combination of voltage, resistance, pulse-on time, pulse-off time, and duty ratio.  
Table B1 shows the literature reviewed in this section investigating the effects of 
process parameters in RC-type pulse supply of micro-EDM. 
The Response Variables in Micro-EDM 
The main response variables of a micro-EDM include material removal rate 
(MRR), tool wear ratio (TWR), surface roughness, and surface hardness. A substantial 
number of papers studied these variables and the methods to optimize them. 
Material removal rate (MRR). MRR is the volume of material removed from the 
workpiece per unit of time. The main parameter affecting MRR is the discharge pulse 
energy (Yu, Rajurkar, & Narasimhan, 2003). In an RC discharging circuit, the energy 
stored in the capacitor (E) is the function of capacitance (C) and voltage across the 
capacitor (V) is formulated in Equation 1. Therefore, it is expected that capacitance and 
voltage increase the MRR. 
Yu et al. (2003) explained the factors affecting the MRR including capacitance, 
voltage, the tool moving speed, the depth of machined area, planetary movement of the 
electrode, and the type of dielectric. They explained the importance of abnormal electrical 
discharges and short circuits due to the debris concentration in the gap between the 
electrode and the workpiece. They showed that the planetary movement of the electrode 
could reduce the occurrence of short circuits and increase the MRR. In comparison 
between the mineral oil and deionized water as the dielectric, the former reduces the MRR 
due to dielectric contamination by the decomposed carbon, which increases the occurrence 
of abnormal discharges. 
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Kim, Yi, Lee, and Chu (2006) explained that by increasing machining time, the 
secondary discharges increased due to debris and dust between the sidewall of the hole 
and the electrode. They applied ultrasonic vibration to the working bath to reduce the 
secondary discharges and easier removal of debris.  
Table 1 shows the independent variables that can affect the MRR and their type of 
relationship. 
 
Table 1. 
Relationship between MRR and the micro-EDM process parameters. 
Material removal rate (MRR) 
Capacitance  Positive relationship 
Voltage Positive relationship 
 
Electrode Depends on the material type, polarity, rotation speed, 
vibration, planetary movement, feeding rate 
 
Dielectric Depends on type of dielectric, powder-mixed (different 
powders with different concentration), flushing pressure, 
vibration 
 
Workpiece Depends on the material type, morphology including 
shape and depth 
 
Tool wear ratio (TWR). The TWR is the ratio of the amount of tool wear to the 
amount of materials removed from the workpiece. Different methods measure TWR. Tsai 
and Masuzawa (2004) enumerated four methods to calculate TWR including measuring 
the difference in the weight, shape, length, and total volume of the electrode before and 
after machining. The well-recognized method for wear ratio in micro EDM is volumetric 
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measurement. However, electrode weight difference is inappropriate for calculating TWR 
in micro EDM because the value is very small, i.e. less than 10 ng. 
Tsai and Masuzawa (2004) measured TWR by dividing the electrode wear volume 
into two portions: wear on bottom portion (VB) and wear on corner portion (VC). They 
calculated VB by multiplying the wear length (∆l) with the bottom surface area. They used 
SEM photos for measuring the wear curve on corner portion to calculate VC. Figure 1 
shows the wear volumes on corner and bottom portions. 
 
 
Figure 1. The volume of electrode wear. Adapted from "An index to evaluate the wear 
resistance of the electrode in micro-EDM," by Y. Tsai and T. Masuzawa, 2004, Journal of 
Materials Processing Technology, 149(1-3), p. 305. Copyright 2004 by Elsevier B.V. 
 
Jahan, Lieh, Wong, and Rahman (2011) calculated the volumetric frontal tool wear 
using the frontal electrode wear (T) and the electrode diameter (D) as shown in Equation 
2. 
Tool	wear	rate =


 (2) 
Wear on corner portion (VC) 
Wear on bottom portion (VB) 
∆l 
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Chiou, Tsao, and Hsu (2015) computed the TWR using the ideal milled depth (LI) 
and the actual milled depth (LW) given by Equation 3. They assumed the electrode 
diameter was constant during the micro EDM process. 
 = 	


 (3) 
Surface roughness. Different methods can be utilized to represent the surface 
roughness of the EDM machined area. The following two main methods, i.e. atomic force 
microscopy, and the crater size measurements were described through literature review. 
The crater size measurement. The dimensions of micro-craters are directly related 
to the level of discharged electrical energy. The higher level of discharge energy results in 
larger craters. On the other hand, the crater size is positively correlated to the surface 
roughness, i.e. the larger crater size, the higher volume of surface roughness (Jahan, 
2015). 
Yeo, Kurnia, and Tan (2007) proposed a model to estimate the dimensions of the 
micro-crater. Their analytical model was based on the fraction of discharged energy and 
the fraction of the molten area removed from the material. By increasing the energy input 
in seven levels, from 5 µJ to 150 µJ, the crater diameter and crater depth were increased. 
Figure 2 depicts the resulting crater size in seven level of the discharge energy.  
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Figure 2. Crater diameter versus energy input. Adapted from " Electro-thermal modelling 
of anode and cathode in micro-EDM," by S. H. Yeo, W. Kurnia, and P. C. Tan, 2007, 
Journal of Physics D: Applied Physics, 40(8), p. 2520. Copyright 2004 by Journal of 
Physics: D Applied Physics. 
 
Surface hardness. Electrical discharge machining is a thermal process and it 
changes the surface structure of the workpiece. Jameson (2001) explained the effect of 
different temperature zones on the EDM machined surface area and creation of recast 
layer and heat affected zone (HAZ).  Much literature explains the effect of recast layer and 
HAZ on the surface characteristics including surface hardness (Alidoosti et al., 2013; 
Hsieh, Chen, Lin, Ou, Lin, & Huang, 2013; Laurentiu et al., 2013). Although these studies 
reported the increase in the surface microhardness due to the recast layer, this increase was 
not identical in varying depths from the surface. Hardness measurement of the cross 
sectional profile of the machined area revealed that the outer parts of the recast layer were 
harder than the inner parts. Alidoosti et al. (2013) studied the microhardness of EDM 
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machined surface of NiTi shape memory alloy. They prepared a cross section of the recast 
layer with the thickness of 20 µm. The microhardness was measured from the depth of 
recast layer to the outer surface. They reported that the microhardness exponentially 
increased by moving toward the surface of the recast layer. Based on their investigation, 
the increased hardness was due to the formation of TiO2 and deposition of particles from 
both the electrode and dielectric. They reported the microhardness of 1200 HV near the 
outer surface of recast layer.  
In a similar study, Hsieh, Chen, Lin, Ou, Lin, & Huang (2013) reported the 
increase in hardness near the outer surface up to 605 HV while the matrix’s hardness was 
not changed by the EDM process. They studied the changes in the microstructure and 
hardness of a Zr38.5Ti16.5Cu15.25Ni9.75Be20 alloy after EDM machining. They 
concluded that the formation of ZrC and TiC of the recast layer increased the surface 
hardness of the machined area. The same results were reported by Laurentiu et al. (2013). 
They measured the microhardness in varying distances from the surface and exhibited the 
decreasing trend of microhardness from the surface to the depth of machined area. 
Some researchers studied the effect of different EDM process parameters on the 
surface hardness, including different types of electrodes and dielectrics. 
Muthuramalingam, Mohan, and Jothilingam (2014) studied the effect of different 
electrode material on the microhardness of the machined area of AISI 202 stainless steel. 
They reported that a WC electrode increased the surface hardness, while using a brass 
electrode decreased surface hardness. Singh, Kumar, and Kumar (2014) reported that the 
tungsten powder-mixed dielectric improved the surface roughness, decreased the thickness 
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of recast layer, and increased the surface hardness of EDM machined AA6061/10% SiC 
composite. 
Regardless of the increased hardness due to the formation of recast layer, the 
formation of micro-cracks in this layer can be detrimental and grow into the parent layer. 
Therefore, the recast layer may affect the fatigue property and durability of the product 
(Manjaiah, Narendranath, & Basavarajappa, 2014). 
While the Vickers testing can be used for both micro and macro hardness ranges, 
Knoop testing is normally employed for micro ranges, i.e. using a test force 1 kg or less. 
ASTM E384-11 (2012) explained the formula to calculate the Vickers hardness number 
(HV). This formula is shown in Equation 4. 
  = 1854.4 ∗ $/&	 (4) 
Where HV is Vickers hardness number, P is the force in terms of gf, and d is the 
mean diagonal length of the indentation in µm.  
Surface topography and element characterization - Scanning electron 
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The SEM 
consists of three major parts: (1) the electron column, (2) the specimen chamber, and (3) 
the vacuum pumps. The electron column includes an electron gun, a series of electron 
lenses, a series of micron-scale apertures, and scan coils. The main function of the electron 
column is to produce a very small and focused electron beam on the scale of 10 nm or 
less. The whole system operates at high vacuum levels. The electron gun is responsible for 
providing a stable electron beam. The main types of the electron gun include tungsten, 
LaB6, and field-emission (Goldstein et al., 1992). 
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The electron gun used in this research was LaB6. The lifetime and brightness value 
of the electron beam emitted from LaB6 gun is higher than tungsten source. The vacuum 
at the gun chamber for LaB6 should be kept at 10-7 Torr or better. The electron beam 
interaction with the specimen produces different types of signals, which reveal valuable 
information about the specimen such as its composition and topography. Secondary 
electrons (SE), backscattered electrons (BSE), and characteristic x-ray were signals used 
in this research. For proper interpretation of the image produced by SE or BSE, it is 
important to know about their properties and their interactions with the specimen. 
BSE is the result of elastic scattering event, in which the primary electron 
trajectory is changed inside the specimen and propagated back into the same area of the 
original beam. BSE ratio increases with the atomic number of the specimen resulting in a 
brighter spot in the image. Besides atomic number contrast, BSEs provide useful 
information about the specimen topography in response to the surface inclination. The 
kinetic energy of BSEs is much higher than SEs.  
For an inelastic event, the energy of the primary electrons transfers to the 
specimen’s atoms. Both SE and characteristic x-ray belong to this interaction event. While 
the SE ratio is relatively insensitive to the atomic number of specimen, it is changed by 
changing in the beam energy and the specimen tilt. Decreasing the beam energy results in 
an increase in the SE ratio. Moreover, when the specimen is tilted, the beam electron 
contacts the greater area of its surface and more SEs are generated. Therefore, the edges 
and ridges of the specimen are brighter using SE image (Goldstein et al., 1992). 
Characteristic x-rays can be formed during an inelastic interaction of an electron 
beam with the sample. Characteristic x-rays have a discrete wavelength, which is 
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characteristic of a specific element. An energy dispersive x-ray spectrometer measures the 
wavelength and energy of the x-ray emitted. The x-ray detector converts the energy into a 
voltage signal, which eventually produces an EDS spectrum. An EDS spectrum specifies 
the elements and their counts at the specific region of the specimen (Goldstein et al., 
1992).  
On the basis of extensive literature review, it was found that proper selection of 
discharge conditions are necessary to achieve desired responses including MRR, TWR, 
and surface integrity. However, very few studies were reported on effect of parameters 
like electrode coating and electrode rotational speed in conjunction with the discharge 
conditions. Moreover, most of these studies were designed based on the one-factor-at-a-
time experiments instead of studying all factors, simultaneously.  
The purpose of this study was to understand the effect of the TN-coating and 
electrode rotational speed besides discharge conditions on the machining performance 
during micro-EDM of Ti-6Al-4V alloy. Furthermore, this study aimed to demonstrate the 
importance of investigating the main effects and interaction effects using full factorial 
design. 
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Methodology 
Equipment and Tools 
The micro-EDM set-up. A die-sinking micro-EDM machine using RC-type pulse 
supply was utilized in this study. The machine was ED009 model by Small Tech. The 
CCD camera and microscope were used for better monitoring of the micro-
electrodischarge machining. The dielectric was the EDM oil. Figure 3 shows the micro-
EDM set-up.  
 
 
 
Figure 3. The micro-EDM set-up. 
 
CCD camera Microscope Micro-EDM Pulse supply 
Rotational 
motor 
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Two types of tungsten carbide electrode were used in this study, uncoated (WC) 
and the TN-coated WC (TN-WC) electrodes. All electrodes had a 0.3 mm diameter. 
Figure 4 depicts the high magnification of tungsten carbide electrodes coated with 
titanium nitride.  
 
a. b. 
Figure 4. The tungsten carbide electrodes coated with titanium nitride. Longitudinal view 
(a) and anterior view (b). 
 
Micro-hardness tester set-up. The DM2 series - micro-hardness tester 
manufactured by Affri was employed to measure the Vickers micro-hardness after 
machining with the specific set of process parameters in each trial. Figure 5 shows the 
micro-hardness tester set-up. 
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Figure 5. The micro-hardness tester set-up. 
 
SEM and EDS set-up. A scanning electron microscope was utilized for taking the 
SEM images. The maximum magnification used in this experiment was 5000X. The SEM 
images were also used for measuring the crater size. The microscope was a JSM-6510LV 
with a LaB6 gun. The device also measured the concentrations of chemical elements using 
Energy Dispersive X-ray Spectroscopy (EDS). Two different sets of software, namely 
Eyepiece Converter (40X, 10X lens & indenter) Working table Panel 
Up-down hand 
wheel 
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JEOL and IXRF, managed data processing for SEM and EDS, respectively. Figure 6 
shows the SEM and EDS set-up. 
 
 
 
Figure 6. The SEM and EDS set-up. 
 
The different types of data and images were gathered in this study using the SEM 
and EDS instrumentation. The settings for the images included (a) secondary electron 
imaging (SEI), (b) electron beam voltage 20 kV, (c) spot size (SS) 35, (d) working 
distance (WD) 11.6. Three images with 300X, 1500X, and 5000X magnifications were 
taken for each trial. Figure 7 shows a sample of resulting data and images for the trial 
number 54. 
High vacuum 
system 
Electron gun / 
emitter 
Electron 
column 
Specimen 
chamber 
Main control 
panel 
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a. b. c. 
d. e. 
 
 
Figure 7. The sample of SEM images and EDS data - the trial number 54 includes SEI 
image 300X (a), SEI image 1500X (b), SEI image 5000X (c), EDS analysis (d), and EDS 
spectrum (e). 
 
Material 
All trials were conducted on Ti-6Al-4V alloy (grade 5). The characteristics of Ti-
6Al-4V alloy used in this experiment are shown in Table 2. Three plates of Ti-6Al-4V 
alloy were used in this study. All plates were part of a bigger plate and they were 
isotropic. 
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Table 2. 
The chemical composition and mechanical properties of Ti-6Al-4V. 
Chemical composition  
Ti Balance 
Al 5.5 – 6.67% 
V 3.5 – 4.5% 
O 0.2% 
C 0.08% 
N 0.05% 
Mechanical properties  
Density (Kg/m3) 4430 
Melting point (°C) 1650 
Electrical resistivity (Ω-cm) 0.000178 
Thermal conductivity (W/m-K) 6.7 
 
Procedures 
This experimental research included three sets of trials. The first set of trials was 
for measuring machining time and tool wear. This set consisted of 54 trials with three 
replications, viz., 162 blind holes. The depth of these holes was 20µm. In preliminary 
experiments, it was revealed that increasing the depth of the blind holes would result in a 
higher number of DC arcs or abnormal discharges. Increasing the frequency of the DC 
arcs was done mainly because of the lack of a servo control system in the micro-EDM 
machine. 
The second set of trials was for measuring the microhardness. To measure the 
microhardness, the micro-indenter passed through the blind hole and reach the machined 
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area at the bottom. Therefore, the depth of the microhole and its surface were two 
limitations to measure the microhardness. The initial experiments showed that the depth of 
5µm and 20µm sideward movement of the electrode produced a short slot that was 
suitable for measuring the microhardness on the machined area.  On a separate plate, 54 
slots with these dimensions were produced.  
At least, two measurements of microhardness on the machined area and one 
measurement on the adjacent unmachined area were performed. The Vickers micro-
indenter was used for measuring the microhardness. The micro-indentation Vickers test 
block was used for calibration of the device before each series of measurements. Since the 
test block was calibrated with the setting of 200gf pressure, this setting was used in all 
microhardness measurements. 
The third set of experiments was for taking the SEM images, measuring the crater 
size, and element characterization. The initial experiments showed that the quality of the 
SEM images decreased by increasing the depth of the blind holes. Therefore, 54 blind 
holes with the depth of 5µm were prepared on a separate plate. Before putting the plate in 
the specimen chamber, it was cleaned with the acetone and ethanol solutions. This 
measure was necessary for better quality of SEM images as well as higher precision of the 
EDS spectrum and analysis.  
In all three sets of trials, the following instructions were followed to increase the 
consistency and precision of the experiments: 
1. The micro-EDM process parameters were set for each trial based on the defined 
settings shown in Table C1. 
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2. Since the EDM machine used in this experiment was not equipped with a flushing 
system, the dielectric oil was changed after each trial. 
3. The electrodes used for machining the slots were not used for machining the holes. 
The reason was to eliminate the effect of side tool wear during machining the slots on 
tool wear calculation during machining the blind hole. 
4. The researcher did not use the electrode if it dropped, irrespective of being broken or 
not. 
5. All electrodes were marked with an identification tag to prevent unintentional use of 
the damaged electrode. 
The micro-EDM process parameters. In this research, four process parameters 
were studied, namely, voltage, capacitance, electrode rotational speed, and the TN-
coating. The different levels of these parameters are shown in Table 3.  
 
Table 3. 
Independent variables and their levels. 
Process parameters Unit Levels 
  L1 L2 L3 
Voltage V 60 90 112 
Capacitance pF 30 1000 4700 
Electrode rotational 
speed RPM 1000 3000 4500 
TN-coating - Uncoated WC TN-WC - 
 
A full factorial design was used during the experiment to evaluate both main 
effects and interaction effects among all process parameters. Therefore, the total number 
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of settings was 54 (3 ∗ 3 ∗ 3 ∗ 2 = 54). Table C1 shows different settings of the micro-
EDM process parameter used in this study. 
Response variables. Response variables included machining time, tool wear (Δl), 
surface microhardness (VH), crater size, and element characterization. Typically, 
machining time is an important indicator in a production line. It was used to assess the 
effectiveness of the micro-EDM. Since an identical amount of machining was performed 
for all trials, i.e. a blind hole with 20µ depth, machining time was represented the MRR. 
The behavior of the operator may affect machining time. To minimize this bias, only the 
researcher conducted the experiments. Moreover, each trial was repeated three times and 
the average machining time was calculated based upon the results. Another key indicator 
in production is TWR. TWR compares the volume of tool wear to the volume of material 
removed from the workpiece. The formula to calculate TWR is shown in Equation 5. 
**+	,-.	.-/0* =
Volume	of	material	removed	from	the	electrode
Volume	of	material	removed	from	the	workpiece
 
 In this research, the electrode had a spiral pattern around a cylinder and its 
diameter was the same throughout the electrode. Therefore, instead of measuring TWR, 
the difference in the length of the electrode (∆l) was measured, before and after the 
machining of each blind hole. The EDM machine’s micrometer measured the difference. 
The first reading was conducted on a specific point on the plate. After machining, the 
second reading was conducted at the same point. The difference between these two 
readings showed the length of tool wear.  
The Vickers micro-hardness was measured using a 200 gram-force indenter load 
with 12 seconds dwell time. Two microhardness measurements were conducted for EDM 
(5) 
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machined surface on each slot. Since the microhardness of an unmachined area may not be 
isotropic throughout the plate, a control test was performed from the adjacent area besides 
each slot.  
One of the important response variables was the crater diameter. In this study, the 
diameters of micro-craters for all 54 trials were measured using SEM images. For each 
trial, the average of diameters of five craters was calculated. Finally, element 
characterization was conducted through the application of EDS. The concentration of five 
elements, including Ti, Al, V, C, and W, were measured for each SEM blind hole. 
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Results and Analysis 
The experiments consisted of three sets of trials for measuring the response 
variables. Figure 8 shows the resulting machined area on the three workpieces with 
different magnifications from the whole plate to one hole or slot. The first set of trials 
included 162 blind holes with 20µm depth, i.e. 54 trials with three replications (a). These 
holes were used for measuring machining time and tool wear. The second set of trials 
consisted of 54 blind holes with 5µm depth for SEM images (b). These shallow holes were 
used for measuring the crater size and element characterization. The third set of trials 
included 54 slots with 5µm depth and 20µm side movement of the electrode (c). These 
slots were used for measuring the microhardness. 
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 a. Trials for machining 
time and tool wear 
b. Trials for crater size, 
SEM, and EDS 
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Figure 8. The resulting machined area on three workpieces with different magnifications 
from the whole plate to one hole or slot. Workpieces included the first set of trials with 
three replications for measuring machining time and tool wear (a), the second set of trials 
for SEM images and measuring the crater size (b), and the third set of trials for measuring 
the microhardness (c). 
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In the following, the results and their analyses are discussed for each response 
variable. The analyses for machining time, tool wear, microhardness, and crater size 
consisted of two parts. In the first part, the resulting data were sorted against the discharge 
energy. Then a regression analysis was conducted to find the best-fit model. The model 
predicted the value of the response variable based on the value of the discharge energy. 
While the results were sorted against the discharge energy, the effects of the TN-coating 
and electrode rotational speed were discussed using an analysis of variance.  
In the second part, within the application of a full factorial analysis, the main 
effects and the interaction effects were discussed. The ANOVA table addressing main 
effects and interaction effects were provided for the full factorial analysis. Figure 9 depicts 
the structure of this part. 
 
Response variable    
 Results   
    
 Analysis   
 
 
One-factor-at-a-time (sorted 
by the discharge energy) 
 
 
 
 Discharge energy & 
regression analysis 
   TN-coating & ANOVA 
   RPM & ANOVA 
    
  Full factorial analysis  
   Main effects 
   Interaction effects 
   ANOVA table 
Figure 9. The general structure of the results and analysis.  
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The analysis of element characterization had a different structure. It assessed the 
effects of the process parameters on the set of responses, simultaneously. Three levels of 
analyses were conducted on the resulting data of element characterization. The first 
analysis was based on the one-factor-at-a-time (OFAT). The purpose of OFAT was 
providing a general view of the effect of each process parameter assuming that the other 
parameters were constant. In this analysis, the effect of voltage and capacitance were 
discussed in the form of the discharge energy. The second analysis was the a multivariate 
analysis of variance (MANOVA). The purpose of MANOVA was to analyze the effect of 
the process parameters on a set of response variables, i.e. a vector of average values. 
Therefore, the MANOVA table did not show the effect of the process parameters on each 
element separately, but as a combination of the responses. From the MANOVA table, it 
was inferred which parameters were significant. The third analysis was ANOVA, which 
was only conducted for the significant parameters identified in the second analysis, i.e. 
MANOVA. The effects of the significant process parameters on each element 
concentration were discussed in this part. Figure 10 depicts the structure of this part. 
 
Element characterization   
 Results  
   
 Analysis  
  One-factor-at-a-time (trends)  
   Discharge energy 
   TN-coating 
   RPM 
   
  MANOVA (the significant parameters) 
  ANOVA (the significant changes in the elements) 
Figure 10. Element characterization - The structure of the results and analysis. 
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A qualitative study on the topography of the micro-EDM machined surface using 
SEM images was conducted in the next part. The purpose of this part was to present a 
visual perspective of the machined area against the discharge energy. Finally, the optimal 
process parameter was identified to achieve the desired set of response variables.  
Machining Time 
Results. Machining times for blind holes with 20-µm depth were measured for 
different EDM parameter settings. To increase the accuracy of the measurements, each 
trial was repeated three times. Tables 4 and 5 show the resulting data for producing the 
blind holes using WC tools as well as TN-WC tools, respectively. 
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Table 4. 
Machining time using an uncoated WC electrode. 
Trial 
No. 
Electrode 
Type 
Voltage 
(V) 
Capacitance 
(pF) 
Rotation 
(RPM) 
Machining Time 
R1 R2 R3 Average 
Time 
(sec.) 
Time 
(sec.) 
Time 
(sec.) 
Time 
(sec.) 
1 WC 60 30 1000 896 789 664 783 
2 WC 60 30 3000 655 573 710 646 
3 WC 60 30 4500 675 473 715 621 
4 WC 60 1000 1000 340 346 416 367 
5 WC 60 1000 3000 301 344 300 315 
6 WC 60 1000 4500 237 258 215 237 
7 WC 60 4700 1000 75 65 70 70 
8 WC 60 4700 3000 32 63 57 51 
9 WC 60 4700 4500 33 35 40 36 
10 WC 90 30 1000 389 469 433 430 
11 WC 90 30 3000 308 335 328 324 
12 WC 90 30 4500 310 350 341 334 
13 WC 90 1000 1000 133 121 122 125 
14 WC 90 1000 3000 103 120 114 112 
15 WC 90 1000 4500 118 113 112 114 
16 WC 90 4700 1000 97 112 126 112 
17 WC 90 4700 3000 78 111 107 99 
18 WC 90 4700 4500 100 78 104 94 
19 WC 112 30 1000 372 385 355 371 
20 WC 112 30 3000 348 373 370 364 
21 WC 112 30 4500 342 368 358 356 
22 WC 112 1000 1000 80 82 85 82 
23 WC 112 1000 3000 89 95 87 90 
24 WC 112 1000 4500 66 83 57 69 
25 WC 112 4700 1000 42 44 47 44 
26 WC 112 4700 3000 33 33 31 32 
27 WC 112 4700 4500 27 32 28 29 
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Table 5. 
Machining time using the TN-coated WC electrode. 
Trial 
No. 
Electrode 
Type 
Voltage 
(V) 
Capacitance 
(pF) 
Rotation 
(RPM) 
Machining Time 
R1 R2 R3 Average 
Time 
(sec.) 
Time 
(sec.) 
Time 
(sec.) 
Time 
(sec.) 
28 WC-TN 60 30 1000 792 747 794 778 
29 WC-TN 60 30 3000 743 723 761 742 
30 WC-TN 60 30 4500 596 622 645 621 
31 WC-TN 60 1000 1000 139 140 147 142 
32 WC-TN 60 1000 3000 163 190 173 175 
33 WC-TN 60 1000 4500 123 102 111 112 
34 WC-TN 60 4700 1000 69 64 66 66 
35 WC-TN 60 4700 3000 90 102 95 96 
36 WC-TN 60 4700 4500 100 84 91 92 
37 WC-TN 90 30 1000 380 389 337 369 
38 WC-TN 90 30 3000 304 319 334 319 
39 WC-TN 90 30 4500 355 326 316 332 
40 WC-TN 90 1000 1000 55 45 45 48 
41 WC-TN 90 1000 3000 45 44 40 43 
42 WC-TN 90 1000 4500 45 41 35 40 
43 WC-TN 90 4700 1000 56 43 46 48 
44 WC-TN 90 4700 3000 44 32 40 39 
45 WC-TN 90 4700 4500 35 41 37 38 
46 WC-TN 112 30 1000 273 256 262 264 
47 WC-TN 112 30 3000 232 241 238 237 
48 WC-TN 112 30 4500 225 195 212 211 
49 WC-TN 112 1000 1000 44 39 41 41 
50 WC-TN 112 1000 3000 30 41 40 37 
51 WC-TN 112 1000 4500 29 31 32 31 
52 WC-TN 112 4700 1000 25 25 22 24 
53 WC-TN 112 4700 3000 23 24 25 24 
54 WC-TN 112 4700 4500 23 23 17 21 
 
One-factor-at-a-time analysis (sorted by the discharge energy). This part 
includes analyses of the effects of the discharge energy, the TN-coating, and electrode 
rotational speed on machining time.  
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Discharge energy and regression analysis. The discharge energy (J) was 
calculated based on voltage (V) and capacitance (F), as explained in formula 1. For 
example, the setting of trial # 15 consisted of 90 V and 1000 pF. In the following, the 
values of the discharge energy were calculated in J and µJ. 
 = 1000	<= = 1000 ∗ 10>	= 
	?@) =
1
2
	 = 0.5 ∗ 1000 ∗	10>	 ∗ 90	 = 4.05 ∗ 10	B 
	?μ@) = 4.05 ∗ 10B ∗ 10B = 4.05  
Table 6 shows nine levels of the discharge energy, the related trials, machining 
times for each series of trials, and the average machining time for each level of the 
discharge energy. 
 
Table 6. 
Levels of the discharge energy and machining time. 
Discharge 
Energy 
(µJ) 
WC Electrode TN-WC Electrode Average 
Machining Time 
(sec.) Trial # 
Machining 
Time 
(sec.) 
Trial # 
Machining 
Time 
(sec.) 
0.05 1, 2, 3 683 28, 29, 30 714 699 
0.12 10, 11, 12 363 37, 38, 39 340 351 
0.19 19, 20, 21 363 46, 47, 48 237 300 
1.8 4, 5, 6 306 31, 32, 33 143 225 
4.05 13, 14, 15 117 40, 41, 42 44 81 
6.27 22, 23, 24 80 49, 50, 51 36 58 
8.46 7, 8, 9 52 34, 35, 36 85 68 
19.04 16, 17, 18 101 43, 44, 45 42 72 
29.48 25, 26, 27 35 52, 53, 54 23 29 
 
Machining time of each EDM parameter setting was the average of three 
replications for that trial. Since there were six trials for each level of discharge energy, the 
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average machining time in the last column of Table 6 was the average of 18 measurements 
of machining time. 
Figure 11 depicts the scatter plot between the discharge energy and the average 
machining time. Moreover, the power trend line in the form of a curve line clearly 
indicated the decreasing acceleration, viz., machining time decreased at a specific rate of 
the discharge energy. This trend line used Equation 6 to calculate the least squares fit for 
machining time. 
D-Eℎ0G0GH	0I,	?J,E. ) = 169.99 ∗ L0JEℎ-.H,	G,.HM	?μ@)N.O (6) 
The R-squared value was 0.9184, which is a very good fit of the line to the data. 
 
 
Figure 11. The scatter plot - the discharge energy and machining time. 
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The TN-coating and ANOVA. The effects of TN coating on machining time for 
each level of discharge energy were calculated and the results are shown in Figure 12. 
 
 
Figure 12. The effect of TN coating on machining times (sorted by the discharge energy 
from low to high values). 
 
Based on the resulting data and Figure 12, the average machining time and its 
general trend for the TN-WC electrode was less than WC electrode. To evaluate the 
significance of this difference, a single factor ANOVA was conducted. Table D1 shows 
the resulting data. The F-value was less than F-critical value and the p-value was more 
than 0.05. When sorted by the discharge energy, the F-value and p-value indicated the 
difference in machining times between uncoated electrodes and the TN-coated electrodes 
was not statistically significant. 
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Electrode rotational speed and ANOVA. The effects of electrode rotational speed 
on machining time for each level of discharge energy were calculated and the results are 
shown in Figure 13. In the lower levels of the discharge energy, the average machining 
times were decreased by increasing electrode rotational speed.  
 
 
Figure 13. The effect of electrode rotational speed on machining times (sorted by the 
discharge energy from low to high values). 
 
To evaluate the significance of this difference, a single factor ANOVA was 
conducted. Table D2 shows the resulting data. The F-value was less than the F-critical 
value and the p-value was more than 0.05. When sorted by the discharge energy, the F-
value and p-value indicated the differences in machining times among different electrode 
rotational speeds were not statistically significant. 
0
100
200
300
400
500
600
700
800
0.05 0.12 0.19 1.80 4.05 6.27 8.46 19.04 29.48
M
a
ch
in
in
g
 T
im
e
 (
se
c.
)
Discharge Energy (µJ)
Machining time for different RPM 
1000 RPM 3000 RPM 4500 RPM
  
45 
The full factorial analysis (main and interaction effects). The main effects and 
the interaction effects of EDM process parameters on machining time were studied by 
plotting these effects and conducting an analysis of variance.  
The main effects. Figure 14 displays the main effects plot for machining time. 
This plot showed the means of machining time for each parameter level. Based on this 
plot, increasing voltage, capacitance, electrode rotational speed, and using the TN-coated 
electrode resulted in reduction of machining time. Nevertheless, the largest reduction in 
machining time was due to increasing voltage and capacitance, respectively. It should be 
noted that the main effects could be interpreted if the interaction effects were not 
significant. Otherwise, the ANOVA table was used to determine whether the p-value of 
the main parameters was less than α-level, i.e. 0.05.  
 
 
Figure 14. The main effects plot for machining time. 
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The interaction effects. Figure 15 displays the interaction effects plots for 
machining time. Parallel lines in Figure 15 indicated that most parameters had no 
interaction effect. The only significant interaction effect was between voltage and 
capacitance. Based on the ANOVA table (Table 7), the p-value of voltage*capacitance 
interaction effect was 0.000. Therefore, voltage*capacitance interaction effect was 
significant. The next step was checking the p-values of the main effects. The P values of 
all main effects were less than 0.05. Therefore, the main effects of voltage, capacitance, 
and their interaction were significant. 
 
 
Figure 15. The interaction effects plot for machining time. 
 
500
250
0
500
250
0
10
500
250
0
1129060 4700100030
Coating * Voltage
Coating * Capacitance Voltage * Capacitance
Coating * RPM
Coating
Voltage * RPM
Voltage
Capacitance * RPM
Capacitance
60
90
112
Voltage
30
1000
4700
Capacitance
1000
3000
4500
RPMM
e
a
n
 o
f 
M
a
ch
in
in
g
 T
im
e
Interaction Plot for Machining Time
Fitted Means
  
47 
The ANOVA table. The analysis of variance (ANOVA) of machining time based 
on the resulting data of full factorial design was conducted using Minitab 17. Table 7 
shows the ANOVA table for machining time. Table 7 includes the sources of variation, 
degrees of freedom (DF), the sum of squares (SS), contribution of the sources in the 
variation, the mean squares (MS), F-values, and p-values.  In this analysis, the α-level was 
0.05. Therefore, a p-value that was lower than 0.05, was statistically significant.  
 
Table 7. 
The ANOVA table for machining time based on the full factorial design. 
Source DF SS Contribution MS F-Value P-value 
Model 53 7221262 98.74% 136250 159.28 0.000 
 Linear 7 6191053 84.65% 884436 1033.94 0.000 
 Coating 1 96409 1.32% 96409 112.71 0.000 
 Voltage 2 4811325 65.79% 2405662 2812.32 0.000 
 Capacitance 2 1232683 16.85% 616342 720.53 0.000 
 RPM 2 50636 0.69% 25318 29.60 0.000 
 2-Way Interactions 18 887595 12.14% 49311 57.65 0.000 
 Coating*Voltage 2 45301 0.62% 22651 26.48 0.000 
 Coating*Capacitance 2 5261 0.07% 2630 3.07 0.050 
 Coating*RPM 2 7276 0.10% 3638 4.25 0.017 
 Voltage*Capacitance 4 771455 10.55% 192864 225.47 0.000 
 Voltage*RPM 4 33033 0.45% 8258 9.65 0.000 
 Capacitance*RPM 4 25269 0.35% 6317 7.38 0.000 
 3-Way Interactions 20 135381 1.85% 6769 7.91 0.000 
 Coating*Voltage*Capacitance   4 105712 1.45%            26428 30.90 0.000 
 Coating*Voltage*RPM                4 2996 0.04%                749 0.88 0.481 
 Coating*Capacitance*RPM            4 9147 0.13%               2287 2.67 0.036 
 Voltage*Capacitance*RPM 8 17525 0.24%              2191 2.56 0.013 
 4-Way Interactions                    8 7233 0.10%             904 1.06 0.399 
 
Coating*Voltage*Capacitance
*RPM     8 7233 0.10%                904 1.06 0.399 
 
The ANOVA table indicated that voltage, capacitance, and voltage*capacitance 
interaction were the most important parameters in machining time, with the contributions 
of 65.79%, 16.85%, and 10.55%, respectively.  It means that these three factors were 
responsible for 93.19% of the variation. Moreover, the F-values and p-values of these 
factors showed that they were all statistically significant. TN coating had a contribution of 
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1.32%. Although, the effect of coating on improving machining time was small, it was 
statistically significant. Increasing electrode rotational speed had the minimal effect on 
machining time. From the ANOVA table, it was inferred that voltage was the most 
important parameter in machining time. 
Tool Wear (Δl) 
Results. Tool wear was calculated by measuring the difference in lengths of the 
electrode before and after machining (∆l). Tables 8 and 9 show the resulting data for 
uncoated electrodes and the TN-coated electrodes, respectively. 
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Table 8. 
Tool wear (Δl) using an uncoated WC electrode. 
Trial 
No. 
Electrode 
Type 
Voltage 
(V) 
Capacitance 
(pF) 
Rotation 
(RPM) 
Tool Wear Rate 
(µm) 
R1 R2 R3 Average 
∆L ∆L ∆L ∆L 
1 WC 60 30 1000 5.0 5.5 6.0 5.50 
2 WC 60 30 3000 5.5 6.0 5.0 5.50 
3 WC 60 30 4500 5.0 6.0 6.0 5.67 
4 WC 60 1000 1000 3.5 4.0 3.5 3.67 
5 WC 60 1000 3000 3.5 4.0 4.0 3.83 
6 WC 60 1000 4500 4.0 4.0 3.5 3.83 
7 WC 60 4700 1000 4.0 3.5 3.0 3.50 
8 WC 60 4700 3000 4.0 3.0 3.2 3.40 
9 WC 60 4700 4500 4.0 3.5 3.5 3.67 
10 WC 90 30 1000 5.5 6.0 6.4 5.97 
11 WC 90 30 3000 5.0 6.0 6.0 5.67 
12 WC 90 30 4500 5.0 6.0 6.0 5.67 
13 WC 90 1000 1000 4.0 3.5 4.0 3.83 
14 WC 90 1000 3000 4.0 4.0 3.5 3.83 
15 WC 90 1000 4500 4.0 3.5 3.5 3.67 
16 WC 90 4700 1000 3.5 3.0 3.0 3.17 
17 WC 90 4700 3000 3.5 3.0 3.5 3.33 
18 WC 90 4700 4500 4.0 3.0 3.0 3.33 
19 WC 112 30 1000 5.0 5.0 6.0 5.33 
20 WC 112 30 3000 6.0 5.0 6.0 5.67 
21 WC 112 30 4500 6.0 6.0 5.0 5.67 
22 WC 112 1000 1000 4.0 4.0 4.0 4.00 
23 WC 112 1000 3000 3.6 4.0 4.0 3.87 
24 WC 112 1000 4500 4.0 4.0 4.0 4.00 
25 WC 112 4700 1000 3.0 2.8 3.0 2.93 
26 WC 112 4700 3000 3.0 3.0 3.0 3.00 
27 WC 112 4700 4500 3.0 3.0 3.0 3.00 
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Table 9. 
Tool wear (Δl) using the TN-coated WC electrode. 
Trial 
No. 
Electrode 
Type 
Voltage 
(V) 
Capacitance 
(pF) 
Rotation 
(RPM) 
Tool Wear Rate 
(µm) 
R1 R2 R3 Average 
∆L ∆L ∆L ∆L 
28 WC-TN 60 30 1000 6.4 6.5 6.0 6.30 
29 WC-TN 60 30 3000 5.4 6.0 6.0 5.80 
30 WC-TN 60 30 4500 7.0 6.0 6.0 6.33 
31 WC-TN 60 1000 1000 3.0 3.0 3.2 3.07 
32 WC-TN 60 1000 3000 3.0 3.2 3.0 3.07 
33 WC-TN 60 1000 4500 3.0 3.0 3.0 3.00 
34 WC-TN 60 4700 1000 2.6 2.4 2.6 2.53 
35 WC-TN 60 4700 3000 3.0 3.0 3.0 3.00 
36 WC-TN 60 4700 4500 3.0 3.0 3.2 3.07 
37 WC-TN 90 30 1000 6.2 6.0 6.0 6.07 
38 WC-TN 90 30 3000 5.2 5.6 5.4 5.40 
39 WC-TN 90 30 4500 5.6 6.0 6.0 5.87 
40 WC-TN 90 1000 1000 3.4 4.0 3.0 3.47 
41 WC-TN 90 1000 3000 4.0 4.0 4.0 4.00 
42 WC-TN 90 1000 4500 4.0 4.0 4.0 4.00 
43 WC-TN 90 4700 1000 3.0 3.0 3.0 3.00 
44 WC-TN 90 4700 3000 3.2 3.0 3.0 3.07 
45 WC-TN 90 4700 4500 3.0 3.5 3.0 3.17 
46 WC-TN 112 30 1000 6.2 6.2 6.0 6.13 
47 WC-TN 112 30 3000 6.0 6.2 6.0 6.07 
48 WC-TN 112 30 4500 6.0 6.0 6.0 6.00 
49 WC-TN 112 1000 1000 4.0 4.0 3.0 3.67 
50 WC-TN 112 1000 3000 4.0 4.0 4.0 4.00 
51 WC-TN 112 1000 4500 3.5 3.5 4.0 3.67 
52 WC-TN 112 4700 1000 3.0 2.5 3.0 2.83 
53 WC-TN 112 4700 3000 2.8 3.0 3.0 2.93 
54 WC-TN 112 4700 4500 3.0 3.0 2.6 2.87 
 
One-factor-at-a-time analysis (sorted by the discharge energy). This part 
includes analyses of the effects of the discharge energy, the TN-coating, and electrode 
rotational speed on tool wear.  
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Discharge energy and regression analysis. Tool wear of each EDM parameter 
setting was the average of three replications for that trial. Since there were six trials for 
each level of discharge energy, the average tool wear in the last column of Table 10 was 
the average of 18 measurements of tool wear (Δl). Table 10 shows nine levels of the 
discharge energy, the related trials, tool wear, and the average tool wear for each level of 
the discharge energy. 
 
Table 10. 
Levels of the discharge energy and tool wear. 
Discharge 
Energy 
(µJ) 
WC Electrode TN-WC Electrode 
Average Tool 
Wear (µm) Trial # 
Tool 
Wear 
(µm) 
Trial # 
Tool 
Wear 
(µm) 
0.05 1, 2, 3 5.56 28, 29, 30 6.14 5.85 
0.12 10, 11, 12 5.77 37, 38, 39 5.78 5.77 
0.19 19, 20, 21 5.56 46, 47, 48 6.07 5.81 
1.8 4, 5, 6 3.78 31, 32, 33 3.04 3.41 
4.05 13, 14, 15 3.78 40, 41, 42 3.82 3.80 
6.27 22, 23, 24 3.96 49, 50, 51 3.78 3.87 
8.46 7, 8, 9 3.52 34, 35, 36 2.87 3.19 
19.04 16, 17, 18 3.28 43, 44, 45 3.08 3.18 
29.48 25, 26, 27 2.98 52, 53, 54 2.88 2.93 
 
Figure 16 depicts the scatter plot between the discharge energy and the average 
tool wear. Moreover, the power trend line in the form of a curve line clearly indicated the 
decreasing acceleration, viz., tool wear decreased at a specific rate of the discharge 
energy. This trend line used Equation 7 to calculate the least squares fit for tool wear. 
**+	,-.	?μI) = 4.3487 ∗ L0JEℎ-.H,	G,.HM	?μ@)N.>>Q (7) 
The R-squared value was 0.91, which was a very good fit of the line to the data. 
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Figure 16. The scatter plot - the discharge energy and tool wear. 
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Figure 17. The effect of the TN-coating on tool wear (sorted by the discharge energy from 
low to high values). 
 
To evaluate whether there was a significant difference between tool wear using 
different types of electrodes, a single factor ANOVA was conducted. The results are 
shown in Table D3. The F-value was less than the F-critical value and the p-value was 
more than 0.05. When sorted by the discharge energy, the F-value and p-value indicated 
that the difference in tool wear due to machining using uncoated electrodes and the TN-
coated electrodes was not statistically significant. 
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shown in Figure 18. The values of tool wear per discharge energy for different level of 
electrode rotational speed were close to each other. 
 
 
Figure 18. The effect of electrode rotational speed on tool wear (sorted by the discharge 
energy from low to high values). 
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The full factorial analysis (main and interaction effects). The main effects and 
the interaction effects of EDM process parameters on tool wear were studied by plotting 
these effects and conducting an analysis of variance.  
The main effects. Figure 19 displays the main effects plot for tool wear. This plot 
showed the means of tool wear for each level of the process parameters. Based on this 
plot, the most significant parameter on tool wear was capacitance. The main effects of the 
other parameters, i.e. voltage, the TN-coating, and electrode rotational speed on tool wear 
were negligible. Increasing capacitance resulted in the reduction of tool wear.  
 
 
Figure 19. The main effects plot for tool wear. 
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The interaction effects. Figure 20 displays the interaction effects plots for tool 
wear. Parallel lines indicated that there was no interaction effect. Capacitance had 
interaction effects with all three factors. Based on the ANOVA table (Table 11), the p-
value of voltage*capacitance and the coating*capacitance were 0.000. Therefore, theses 
interaction effects were significant. The interaction effect of the RPM*capacitance was not 
significant, because its p-value, i.e. 0.142, was higher than 0.05. The next step was to 
check the p-value of capacitance, which was 0.000. Therefore, the main effect of 
capacitance and its interactions with voltage and coating were significant. Nonetheless, 
based on the ANOVA table (Table 11), the contribution of voltage*capacitance and the 
coating*capacitance were negligible. 
 
 
Figure 20. The interaction effects plot for tool wear. 
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The ANOVA table. Table 11 shows the ANOVA table of tool wear (Δl) based on 
the resulting data of the full factorial design. The ANOVA table indicated that capacitance 
was the most important parameter in tool wear. Its contributions was 89.72%. The F-
values and p-values of voltage, the coating, and the electrode rotation (RPM) showed that 
their effects were not statistically significant. From the ANOVA table, it was concluded 
that capacitance was the most important parameter in the reduction of tool wear. 
 
Table 11. 
The ANOVA table for tool wear (Δl) based on the full factorial design. 
Source DF SS Contribution MS F-Value P-value 
Model 53 233.320 95.10% 4.402 39.55 0.000 
 Linear 7 220.119 89.72% 31.446 282.54 0.000 
 Coating 1 0.253 0.10% 0.253 2.27 0.135 
 Voltage 2 0.260 0.11% 0.130 1.17 0.315 
 Capacitance 2 219.409 89.43% 109.705 985.70 0.000 
 RPM 2 0.196 0.08% 0.098 0.88 0.417 
 2-Way Interactions 18 8.751 3.57% 0.486 4.37 0.000 
 Coating*Voltage 2 0.820 0.33% 0.410 3.68 0.028 
 Coating*Capacitance 2 4.095 1.67% 2.048 18.40 0.000 
 Coating*RPM 2 0.008 0.00% 0.004 0.04 0.964 
 Voltage*Capacitance 4 2.777 1.13% 0.694 6.24 0.000 
 Voltage*RPM 4 0.267 0.11% 0.067 0.60 0.664 
 Capacitance*RPM 4 0.784 0.32% 0.196 1.76 0.142 
 3-Way Interactions 20 3.895 1.59% 0.195 1.75 0.036 
 Coating*Voltage*Capacitance    4 2.298 0.94%            0.575 5.16 0.001 
 Coating*Voltage*RPM                4 0.295 0.12%                0.074 0.66 0.619 
 Coating*Capacitance*RPM            4 0.638 0.26%               0.160 1.43 0.228 
 Voltage*Capacitance*RPM 8 0.663 0.27%              0.083 0.74 0.652 
 4-Way Interactions                    8 0.555 0.23%                0.069 0.62 0.757 
 
Coating*Voltage*Capacitance
*RPM     8 0.555 0.23%                0.069 0.62 0.757 
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Surface Microhardness 
Results. The surface microhardness of each slot was measured on two different 
points. As a control group, the microhardness of one point from the unmachined area 
besides each slot was also measured. Tables 12 and 13 show data of the EDM machined 
area using uncoated electrodes and the TN-coated electrodes, respectively.  
 
Table 12. 
The surface microhardness using an uncoated WC electrode. 
Trial #  Machined area  Unmachined area 
  Point 1 (HV) Point 2 (HV) Average (HV)  Control point (HV) 
1  385 401 393  459 
2  405 422 413.5  455 
3  432 443 437.5  452 
4  443 441 442  454 
5  428 459 443.5  466 
6  421 433 427  422 
7  474 472 473  448 
8  444 454 449  410 
9  485 476 480.5  457 
10  398 399 398.5  465 
11  419 491 455  458 
12  432 433 432.5  432 
13  422 434 428  452 
14  398 440 419  453 
15  394 435 414.5  449 
16  414 416 415  463 
17  395 408 401.5  452 
18  450 497 473.5  440 
19  410 381 395.5  442 
20  407 441 424  438 
21  381 403 392  424 
22  442 452 447  442 
23  465 410 437.5  452 
24  470 421 445.5  505 
25  442 427 434.5  455 
26  426 425 425.5  413 
27  453 458 455.5  413 
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Table 13. 
The surface microhardness using the TN-coated WC electrode. 
Trial 
No.  Machined area  
Unmachined 
area 
  
Point 1 
(HV) 
Point 2 
(HV) 
Average 
(HV)  Control point (HV) 
28  410 404 407  436 
29  407 430 418.5  432 
30  405 401 403  450 
31  478 441 459.5  445 
32  451 437 444  424 
33  445 463 454  444 
34  458 424 441  442 
35  463 488 475.5  435 
36  457 473 465  436 
37  395 435 415  439 
38  372 378 375  470 
39  469 413 441  445 
40  470 505 487.5  497 
41  414 435 424.5  460 
42  414 422 418  476 
43  448 424 436  411 
44  410 434 422  406 
45  488 419 453.5  447 
46  393 391 392  433 
47  395 410 402.5  440 
48  417 412 414.5  461 
49  446 422 434  413 
50  425 422 423.5  402 
51  410 460 435  440 
52  413 428 420.5  410 
53  434 443 438.5  438 
54  432 449 440.5  430 
 
One-factor-at-a-time analysis (sorted by the discharge energy). This part 
includes analyses of the effects of the discharge energy, the TN-coating, and electrode 
rotational speed on the surface microhardness.  
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Discharge energy and regression analysis. The microhardness of each EDM 
parameter setting was the average of two points for that trial. Since there were six trials for 
each level of discharge energy, the average microhardness in the last column of Table 14 
was the average of 12 measurements of the microhardness. Table 14 shows nine levels of 
the discharge energy, the related trials, the microhardness for coated and uncoated 
electrodes, and the total average of the microhardness for each level of the discharge 
energy. 
 
Table 14. 
Levels of the discharge energy and the microhardness. 
Discharge 
Energy 
(µJ) 
WC Electrode TN-WC Electrode 
Average 
microhardness 
(HV) Trial # 
Microhardness 
(HV) Trial # 
Microhardness 
(HV) 
0.05 1, 2, 3 414.67 28, 29, 30 409.50 412.08 
0.12 10, 11, 12 428.67 37, 38, 39 410.33 419.50 
0.19 19, 20, 21 403.83 46, 47, 48 403.00 403.42 
1.8 4, 5, 6 437.50 31, 32, 33 452.50 445.00 
4.05 13, 14, 15 420.50 40, 41, 42 443.33 431.92 
6.27 22, 23, 24 443.33 49, 50, 51 430.83 437.08 
8.46 7, 8, 9 467.50 34, 35, 36 460.50 464.00 
19.04 16, 17, 18 430.00 43, 44, 45 437.17 433.58 
29.48 25, 26, 27 438.50 52, 53, 54 433.17 435.83 
 
Figure 21 depicts the scatter plot between the discharge energy and the average 
microhardness. Moreover, the power trend line in the form of a curved line indicated that 
the microhardness increased with the discharge energy. This trend line used Equation 8 to 
calculate the least squares fit for the microhardness. 
D0E.*ℎ-.&G,JJ	? ) = 427.63 ∗ L0JEℎ-.H,	G,.HM	?μ@)N.N>O (8) 
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The R-squared value was 0.523, which was not a very good fit of the line to the 
data. In other words, the discharge energy could only explain 52% of the increase in the 
microhardness. 
 
 
Figure 21. The scatter plot – the discharge energy and the microhardness. 
 
The contributions of all elements of the discharge energy, i.e. voltage, capacitance, 
and their interaction in the microhardness were discussed under the factorial analysis and 
ANOVA section. 
The TN-coating and ANOVA. The effects of TN coating on the microhardness for 
each level of the discharge energy were calculated and the results are shown in Figure 22. 
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Figure 22. The effect of the TN-coating on the microhardness (sorted by the discharge 
energy from low to high values). 
 
To evaluate whether there was a significant difference between tool wear using 
different types of electrode, a single factor ANOVA was conducted. The results are shown 
in Table D5. The F-value was less than the F-critical value and the p-value was more than 
0.05. When sorted by the discharge energy, the F-value and p-value indicated that the 
difference in the microhardness due to machining using uncoated electrodes and the TN-
coated electrodes was not statistically significant. 
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Electrode rotational speed and ANOVA. The effects of electrode rotational speed 
on the microhardness for all levels of the discharge energy were calculated. The results are 
shown in Figure 23. 
 
 
Figure 23. The effect of electrode rotational speed on the microhardness (sorted by the 
discharge energy from low to high values). 
 
To evaluate whether there was a significant difference between the microhardness 
for different electrode rotational speeds, a single factor ANOVA was conducted. The 
results are shown in Table D6. The F-value was less than the F-critical value and the p-
value was more than 0.05. When sorted by the discharge energy, the F-value and p-value 
indicated the difference in the microhardness resulting from the machining using different 
electrode rotational speeds was not statistically significant. 
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The full factorial analysis (main and interaction effects). The main effects and 
the interaction effects of EDM process parameters on the microhardness were studied by 
plotting these effects and conducting an analysis of variance.  
The main effects. Figure 24 displays the main effects plot for the microhardness. 
This plot showed the means of the microhardness for each level of the process parameters. 
The main effects plot showed that capacitance, voltage, and electrode rotational speed 
influenced the microhardness. The main effect of the TN-coating on the microhardness 
was negligible. Increasing capacitance resulted in the higher values of the microhardness, 
while increasing voltage had a reverse effect on the microhardness. 
 
 
Figure 24. The main effects plot for the microhardness. 
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The interaction effects. Figure 25 displays the interaction effects plots for the 
microhardness. Based on this plot, almost all process parameters had the interaction 
effects, which undermined the results of the main effects. Moreover, the ANOVA table 
(Table 15) showed that the interaction effects of these three parameters were also 
significant. The next step was to assess the significance of the main effects by checking 
their p-values. Table 15 shows that the p-values of capacitance, voltage, and RPM were 
0.000. Therefore, theses main effects were statically significant.  
 
 
Figure 25. The interaction effects plot for the microhardness. 
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important effect on the microhardness with the contribution of 27.63%, other effects 
including 3-way and 4-way interactions had also considerable contributions in the 
microhardness. The only exception was coating with the p-value of 0.834, which was 
more than 0.05. Therefore, the effect of the TN-coating was not statistically significant. 
From the ANOVA table, it was inferred that capacitance was the most important 
parameter in the microhardness. While capacitance increased the microhardness, voltage 
had a reverse effect on it. The effect of electrode rotational speed was not consistent at 
different levels of RPM. 
 
Table 15. 
The ANOVA table for the microhardness based on the full factorial design. 
Source DF SS Contribution MS F-Value P-value 
Model 53 96912 82.11% 1828.5 9.35 0.000 
 Linear 7 42925 36.37% 6132.2 31.36 0.000 
 Coating 1 9 0.01% 8.7 0.04 0.834 
 Voltage 2 6759 5.73% 3379.7 17.29 0.000 
 Capacitance 2 32608 27.63% 16303.8 83.39 0.000 
 RPM 2 3549 3.01% 1774.7 9.08 0.000 
 2-Way Interactions 18 25753 21.82% 1430.7 7.32 0.000 
 Coating*Voltage 2 730 0.62% 365.1 1.87 0.159 
 Coating*Capacitance 2 1882 1.59% 941.1 4.81 0.010 
 Coating*RPM 2 1240 1.05% 620.0 3.17 0.046 
 Voltage*Capacitance 4 7478 6.34% 1869.6 9.56 0.000 
 Voltage*RPM 4 2701 2.29% 675.3 3.45 0.011 
 Capacitance*RPM 4 11721 9.93% 2930.4 14.99 0.000 
 3-Way Interactions 20 21957 18.60% 1097.9 5.62 0.000 
 Coating*Voltage*Capacitance   4 3656 3.10% 914.0 4.67 0.002 
 Coating*Voltage*RPM                4 3715 4.84% 1428.7 7.31 0.000 
 Coating*Capacitance*RPM            4 7563 6.41% 1890.9 9.67 0.000 
 Voltage*Capacitance*RPM 8 5023 4.26% 627.9 3.21 0.003 
 4-Way Interactions                    8 6276 5.32% 784.5 4.01 0.000 
 
Coating*Voltage*Capacitance
*RPM     8 6276 5.32% 784.5 4.01 0.000 
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Crater Size 
Results. The diameters of micro-craters for all 54 trials were measured using 
scanning electronic microscopy. For each trial, the average of diameters of five craters 
were calculated. Figure 26 shows the sample measurements of the crater size using a SEM 
image. Tables 16 and 17 show the resulting data. 
 
 
Figure 26. The crater size measurements using a SEM image. 
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Table 16. 
The crater size using an uncoated WC electrode. 
Trial 
No. 
Crater 1 
(µm) 
Crater 2 
(µm) 
Crater 3 
(µm) 
Crater 4 
(µm) 
Crater 5 
(µm) 
Average 
(µm) 
1 1.15 1.17 1.00 0.98 1.06 1.07 
2 1.08 1.02 1.09 1.01 1.02 1.04 
3 1.13 1.05 1.14 1.08 1.17 1.11 
4 5.66 5.02 5.33 5.45 5.50 5.39 
5 5.36 5.37 5.58 5.38 5.37 5.41 
6 5.47 5.83 5.36 5.30 5.09 5.41 
7 7.97 8.67 9.83 9.11 8.45 8.81 
8 7.68 7.81 8.09 7.50 7.63 7.74 
9 10.22 8.27 8.62 9.25 8.02 8.88 
10 1.44 1.45 1.63 1.71 1.54 1.55 
11 1.46 1.56 1.42 1.62 1.71 1.55 
12 1.81 1.66 1.61 1.88 2.28 1.85 
13 7.18 6.20 6.11 6.50 6.59 6.52 
14 6.52 6.65 6.73 6.84 6.53 6.65 
15 6.61 6.39 6.56 6.14 6.53 6.45 
16 12.35 10.69 10.38 10.30 12.05 11.15 
17 11.80 11.54 10.26 12.57 11.22 11.48 
18 10.18 10.67 10.16 11.20 11.34 10.71 
19 1.80 1.98 1.69 2.24 2.28 2.00 
20 1.42 1.65 1.28 1.74 1.22 1.46 
21 1.96 1.61 1.76 2.30 1.92 1.91 
22 6.94 7.10 7.95 7.33 7.38 7.34 
23 7.05 7.12 7.21 6.99 7.32 7.14 
24 6.83 6.82 6.70 6.91 7.39 6.93 
25 12.39 12.85 12.17 13.87 11.93 12.64 
26 12.21 12.19 12.57 12.00 12.84 12.36 
27 11.25 10.54 11.44 10.90 11.03 11.03 
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Table 17. 
The crater size using the TN-coated WC electrode. 
Trial 
No. 
Crater 1 
(µm) 
Crater 2 
(µm) 
Crater 3 
(µm) 
Crater 4 
(µm) 
Crater 5 
(µm) 
Average 
(µm) 
28 0.96 1.12 1.13 1.25 1.23 1.14 
29 1.12 1.16 1.20 1.23 1.23 1.19 
30 0.94 1.10 1.11 1.18 1.08 1.08 
31 4.71 3.89 4.82 4.49 4.77 4.54 
32 4.86 4.57 4.75 4.41 4.29 4.58 
33 4.29 4.68 4.73 5.48 4.20 4.68 
34 6.65 7.27 7.80 7.72 7.39 7.37 
35 5.37 8.26 7.05 6.73 6.68 6.82 
36 7.64 8.01 6.37 7.56 6.96 7.31 
37 1.62 1.37 1.32 1.32 1.56 1.44 
38 1.44 1.54 1.67 1.49 1.39 1.51 
39 1.21 1.21 1.08 1.44 1.18 1.22 
40 5.60 6.51 6.51 6.58 5.84 6.21 
41 5.99 6.09 5.28 6.46 6.44 6.05 
42 6.67 5.68 6.44 6.97 5.76 6.30 
43 10.30 10.45 10.05 10.14 9.85 10.16 
44 9.83 9.39 10.74 9.54 9.08 9.72 
45 9.68 8.48 9.09 8.80 8.46 8.90 
46 1.62 1.43 1.64 1.62 1.62 1.59 
47 1.40 1.12 1.26 1.29 1.61 1.34 
48 1.46 1.49 1.32 1.55 1.39 1.44 
49 6.75 6.90 6.75 6.43 6.51 6.67 
50 7.27 6.81 6.13 7.35 6.90 6.89 
51 6.44 6.44 7.35 6.36 6.73 6.66 
52 11.42 11.13 12.01 12.57 11.67 11.76 
53 11.02 11.25 12.87 11.86 11.60 11.72 
54 12.78 13.46 12.05 10.82 13.19 12.46 
 
One-factor-at-a-time analysis (sorted by the discharge energy). This part 
includes analyses of the effects of the discharge energy, the TN-coating, and electrode 
rotational speed on the crater size.  
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Discharge energy and regression analysis. The crater size of the machined area 
for each trial was the average of five measurements on the crater diameter using SEM 
images. Since there were six trials for each level of the discharge energy, the average 
crater size in the last column of Table 18 was the average of 30 measurements. Table 18 
shows nine levels of the discharge energy, the related trials, the crater size for coated and 
uncoated electrodes, and the total average of the crater size for each level of the discharge 
energy. 
 
Table 18. 
Levels of the discharge energy and the crater size. 
Discharge 
Energy 
(µJ) 
WC Electrode TN-WC Electrode Average 
Crater Size 
(µm) Trial # 
Crater 
Size (µm) Trial # 
Crater 
Size 
(µm) 
0.05 1, 2, 3 1.08 28, 29, 30 1.14 1.11 
0.12 10, 11, 12 1.65 37, 38, 39 1.39 1.52 
0.19 19, 20, 21 1.79 46, 47, 48 1.45 1.62 
1.8 4, 5, 6 5.40 31, 32, 33 4.60 5.00 
4.05 13, 14, 15 6.54 40, 41, 42 6.19 6.36 
6.27 22, 23, 24 7.14 49, 50, 51 6.74 6.94 
8.46 7, 8, 9 8.47 34, 35, 36 7.16 7.82 
19.04 16, 17, 18 11.11 43, 44, 45 9.59 10.35 
29.48 25, 26, 27 12.01 52, 53, 54 11.98 12.00 
 
Figure 27 depicts the scatter plot between the discharge energy and the average 
crater size. Moreover, the power trend line clearly indicated the increasing of the crater 
size at a specific rate of the discharge energy. This trend line used Equation 9 to calculate 
the least squares fit for the crater size. 
.-/,.	R0S,	?μI) = 3.4543 ∗ L0JEℎ-.H,	G,.HM	?μ@)N.OTUO (9) 
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The R-squared value was 0.9931, which was a perfect fit of the line to the data. 
The contributions of each element of discharge energy, i.e. voltage and capacitance in the 
crater size were discussed under the factorial analysis and ANOVA section. 
 
 
Figure 27. The scatter plot - the discharge energy and the crater size. 
 
The TN-coating and ANOVA. The effects of TN coating on the crater size for 
each level of the discharge energy were calculated and the results are shown in Figure 28. 
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Figure 28. The effect of the TN-coating on the crater size (sorted by the discharge energy 
from low to high values). 
 
Based on the resulting data and Figure 28, the crater size for machined area using 
the TN-coated electrodes was slightly less than uncoated electrodes. To determine whether 
this difference in the crater size was statistically significant, a single factor ANOVA was 
conducted. Table D7 shows the resulting data. The F-value was less than the F-critical 
value and the p-value was more than 0.05. When sorted by the discharge energy, the F-
value and p-value indicated that the difference in the crater size using uncoated electrodes 
and the TN-coated electrodes was not statistically significant. 
Electrode rotational speed and ANOVA. The effects of electrode rotational speed 
on the crater size for each level of the discharge energy were calculated and the results are 
shown in Figure 29. 
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Figure 29. The effect of electrode rotational speed on the crater size (sorted by the 
discharge energy from low to high values). 
 
Based on the resulting data and Figure 29, the increasing trends of the crater size 
with the discharge energy were almost identical for different electrode rotational speeds. 
The statistical evaluation of the variance in the crater size due to changes of RPM was 
carried out using an analysis of variance. Table D8 shows the results of a single factor 
ANOVA. The F-value was less than the F-critical value and the p-value was more than 
0.05. When sorted by the discharge energy, the F-value and p-value indicated the 
differences in the crater sizes for different electrode rotational speeds was not statistically 
significant. 
The full factorial analysis (main and interaction effects). The main effects and 
the interaction effects of process parameters on the crater size were studied by plotting 
these effects and conducting an analysis of variance.  
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The main effects. Figure 30 displays the main effects plot for the crater size. This 
plot showed the means of the crater size for each level of process parameters. The main 
effects plot showed that voltage and capacitance had the most effects on the crater size, 
respectively. The main effects of electrode rotational speed and the TN-coating on the 
microhardness were negligible. Increasing voltage resulted in the higher values of the 
crater size. 
 
 
Figure 30. The main effects plot for the crater size. 
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capacitance. Based on the ANOVA table (Table 19), the p-value of voltage*capacitance 
was 0.000. Therefore, this interaction effect was significant. The next step was to check 
the p-values of voltage and capacitance, which were 0.000. As a result, it was inferred that 
the main effects of voltage, capacitance, and their interaction were significant. 
Nonetheless, Table 19 shows that the contribution of voltage*capacitance in crater size 
was only 2.68%. 
  
 
Figure 31. The interaction effects plot for the crater size. 
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the crater size with the contributions of 89.08%, 5.63%, and 2.68%, respectively.  In other 
words, these factors were responsible for 97.36% of the variation in the crater size. 
Moreover, the F-values and p-values of these factors showed that they were all statistically 
significant. The effect of the TN-coating on the crater size was significant, but its 
contribution was trivial. The effect of electrode rotational speed with the p-value of 0.302 
was not statistically significant. From the ANOVA table, it was inferred that voltage was 
the most important parameter in the crater size. 
 
Table 19. 
The ANOVA table for crater size based on the full factorial design. 
Source DF SS Contribution MS F-Value P-
value 
Model 53 2267.63 98.88% 42.79 180.01 0.000 
 Linear 7 2183.03 95.19% 311.86 1312.06 0.000 
 Coating 1 10.43 0.45% 10.43 43.87 0.000 
 Voltage 2 2042.96 89.08% 1021.48 4297.58 0.000 
 Capacitance 2 129.06 5.63% 64.53 271.49 0.000 
 RPM 2 0.58 0.03% 0.29 1.21 0.302 
 2-Way Interactions 18 69.13 3.01% 3.84 16.16 0.000 
 Coating*Voltage 2 3.16 0.14% 1.58 6.66 0.002 
 Coating*Capacitance 2 2.34 0.10% 1.17 4.93 0.009 
 Coating*RPM 2 0.33 0.01% 0.17 0.70 0.498 
 Voltage*Capacitance 4 61.45 2.68% 15.36 64.63 0.000 
 Voltage*RPM 4 0.45 0.02% 0.11 0.48 0.754 
 Capacitance*RPM 4 1.39 0.06% 0.35 1.46 0.220 
 3-Way Interactions 20 12.18 0.53% 0.61 2.56 0.001 
 Coating*Voltage*Capacitance   4 3.84 0.17% 0.96 4.03 0.004 
 Coating*Voltage*RPM                4 1.21 0.05% 0.30 1.27 0.286 
 Coating*Capacitance*RPM            4 2.85 0.12% 0.71 3.00 0.022 
 Voltage*Capacitance*RPM 8 4.29 0.19% 0.54 2.25 0.029 
 4-Way Interactions                    8 3.28 0.14% 0.41 1.73 0.100 
 
Coating*Voltage*Capacitance
*RPM     8 3.28 0.14% 0.41 1.73 0.100 
 
Element Characterization - EDS Analysis on the SEM 
Results. The main chemical composition of the workpiece consisted of Ti, Al, and 
V. The chemical composition of the electrodes used in the experiments included W, C, 
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and Ti. Moreover, the main elements of EDM oil was C. Therefore, five elements were 
selected for the EDS analysis, including Ti, Al, V, C, and W. Tables 20 and 21 show the 
resulting data for uncoated electrodes and the TN-coated electrodes, respectively.  
 
Table 20. 
Element characterization using an uncoated WC electrode. 
Trial 
No. 
Discharge 
Energy 
(µJ) 
Rotation 
(RPM) 
Ti 
Conc. 
(wt. %) 
Al 
Conc. 
(wt. %) 
V 
Conc. 
(wt. %) 
C 
Conc. 
(wt. %) 
W 
Conc. 
(wt. %) 
1 0.05 1000 72.52 4.29 2.11 13.67 7.13 
2 0.05 3000 80.05 4.71 2.05 9.73 3.11 
3 0.05 4500 78.17 4.35 2.04 7.49 7.47 
4 1.80 1000 80.54 3.90 2.71 6.33 6.52 
5 1.80 3000 79.33 4.73 3.06 7.32 5.03 
6 1.80 4500 83.10 4.37 3.00 4.73 4.45 
7 8.46 1000 75.48 3.96 1.36 9.55 8.95 
8 8.46 3000 70.35 3.09 2.26 10.18 12.92 
9 8.46 4500 73.45 3.73 2.87 5.90 13.26 
10 0.12 1000 79.59 4.66 2.77 7.26 5.31 
11 0.12 3000 76.99 4.27 2.70 7.66 7.98 
12 0.12 4500 74.84 4.55 2.88 12.44 5.12 
13 4.05 1000 76.22 3.87 3.31 7.95 8.41 
14 4.05 3000 79.89 4.37 3.16 6.50 5.81 
15 4.05 4500 78.69 5.08 2.19 5.92 7.50 
16 19.04 1000 77.28 3.83 2.40 5.51 10.49 
17 19.04 3000 82.39 3.84 2.68 4.06 6.39 
18 19.04 4500 74.64 4.50 2.91 7.26 10.34 
19 0.19 1000 75.55 4.51 1.59 13.25 4.38 
20 0.19 3000 80.31 4.55 2.79 7.75 4.04 
21 0.19 4500 74.82 3.98 2.88 10.56 7.37 
22 6.27 1000 85.00 4.59 2.27 3.93 4.08 
23 6.27 3000 84.51 4.62 2.20 6.09 2.50 
24 6.27 4500 86.73 4.28 2.54 2.22 3.93 
25 29.48 1000 79.67 4.37 2.76 6.44 6.64 
26 29.48 3000 79.67 4.37 2.76 6.44 6.64 
27 29.48 4500 76.58 4.38 1.95 9.23 7.52 
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Table 21. 
Element characterization using the TN-coated WC electrode. 
Trial 
No. 
Discharge 
Energy 
(µJ) 
Rotation 
(RPM) 
Ti 
Conc. 
(wt. %) 
Al 
Conc. 
(wt. %) 
V 
Conc. 
(wt. %) 
C 
Conc. 
(wt. %) 
W 
Conc. 
(wt. %) 
28 0.05 1000 78.52 5.38 1.92 7.19 6.93 
29 0.05 3000 72.92 4.01 2.40 11.34 8.84 
30 0.05 4500 75.09 4.03 3.61 10.41 6.43 
31 1.80 1000 69.14 3.58 1.30 9.90 15.61 
32 1.80 3000 72.67 4.00 1.78 8.31 12.79 
33 1.80 4500 68.60 3.30 2.65 11.17 13.71 
34 8.46 1000 74.15 3.15 1.63 10.91 9.64 
35 8.46 3000 66.12 3.15 2.61 13.35 14.32 
36 8.46 4500 72.42 4.03 2.99 12.05 7.77 
37 0.12 1000 81.24 4.70 2.88 6.53 4.22 
38 0.12 3000 83.94 4.75 2.59 5.56 2.74 
39 0.12 4500 84.65 5.04 3.65 0.00 6.08 
40 4.05 1000 77.91 4.49 2.13 8.88 6.18 
41 4.05 3000 78.96 4.08 4.26 6.75 5.29 
42 4.05 4500 81.34 4.23 1.78 8.81 3.45 
43 19.04 1000 79.96 4.23 2.08 4.89 8.59 
44 19.04 3000 75.08 3.84 3.81 7.77 8.92 
45 19.04 4500 72.79 3.40 2.65 8.84 11.74 
46 0.19 1000 81.82 4.44 1.81 5.19 6.61 
47 0.19 3000 77.66 3.18 2.46 8.12 8.29 
48 0.19 4500 78.56 5.35 2.28 7.19 6.37 
49 6.27 1000 85.41 3.21 2.42 3.64 4.34 
50 6.27 3000 82.50 4.05 3.26 4.10 5.27 
51 6.27 4500 84.05 4.50 3.08 4.59 3.36 
52 29.48 1000 81.03 4.27 2.14 7.48 4.49 
53 29.48 3000 78.50 4.73 2.48 6.52 7.60 
54 29.48 4500 77.53 3.76 3.13 8.55 6.89 
 
One-factor-at-a-time analysis. In the following, the general effects of the 
discharge energy, the TN-coating and electrode rotational speed on element 
characterization were discussed. 
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The discharge energy. One measurement on the surface composition was 
conducted for each trial with the defined process parameter setting. Since there were six 
trials for each level of the discharge energy, the concentration of each element in Table 22 
was the average of six measurements of that element. Table 22 shows nine levels of the 
discharge energy, the related trials, and the average concentration of different elements 
characterizations. 
 
Table 22. 
Levels of the discharge energy and element characterization. 
Discharge 
Energy (µJ) Trial # Trial # 
Average concentration (wt. %) 
Ti Al V C W 
0.05 1, 2, 3 28, 29, 30 76.21 4.46 2.36 9.97 6.65 
0.12 10, 11, 12 37, 38, 39 80.21 4.66 2.91 6.57 5.24 
0.19 19, 20, 21 46, 47, 48 78.12 4.33 2.30 8.68 6.18 
1.8 4, 5, 6 31, 32, 33 75.56 3.98 2.42 7.96 9.68 
4.05 13, 14, 15 40, 41, 42 78.84 4.35 2.80 7.47 6.11 
6.27 22, 23, 24 49, 50, 51 84.70 4.21 2.63 4.10 3.91 
8.46 7, 8, 9 34, 35, 36 72.00 3.52 2.29 10.32 11.14 
19.04 16, 17, 18 43, 44, 45 77.02 3.94 2.76 6.39 9.41 
29.48 25, 26, 27 52, 53, 54 78.83 4.31 2.54 7.44 6.63 
 
The effects of the discharge energy on the concentration of each elements are shown in 
Figure 32. 
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Figure 32. The concentration levels of the surface elements (sorted by the discharge 
energy from low to high values). 
 
Based on Figure 32, the concentrations of Ti, C, and W were changed by 
increasing the value of the discharge energy. The concentrations of AL and V were about 
the same at different levels of the discharge energy. 
The TN-coating. There were 27 measurements on the chemical composition of the 
machined area for each type of the electrode, i.e. uncoated WC electrode and TN-WC 
electrode. Therefore, the concentration of each element in Table 23 was the average of 27 
measurements for that element. 
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Table 23. 
Element characterization – The effect of TN coating. 
Electrode type Average concentration (%) Ti Al V C W 
WC 78.38% 4.29% 2.53% 7.60% 6.79% 
TN-WC 77.50% 4.11% 2.58% 7.70% 7.65% 
 
The effects of TN coating on the concentration of each elements are shown in 
Figure 33. 
 
 
Figure 33. The effect of the TN-coating on element characterization. 
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Figure 33 shows that the TN-coating had almost no effect on element 
characterization. 
Electrode rotational speed. There were 18 measurements on the chemical 
composition of the machined area for each level of electrode rotational speed. Therefore, 
the concentration of each element in Table 24 was the average of 18 measurements on that 
element. 
 
Table 24. 
Element characterization - electrode rotational speed. 
Electrode 
rotational 
speed 
Average concentration (%) 
Ti Al V C W 
1000 78.39% 4.19% 2.20% 7.69% 7.14% 
3000 77.88% 4.13% 2.74% 7.64% 7.14% 
4500 77.56% 4.27% 2.73% 7.63% 7.38% 
 
Figure 34 showed the effects of TN coating on the concentration of each elements. 
It depicted that electrode rotational speed had almost no effect on element 
characterization. 
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Figure 34. The effect of electrode rotational speed on element characterization. 
 
Multivariate analysis of variance (MANOVA) on element characterization. 
The purpose of this section was to investigate the effects of the process parameters on the 
set of element concentrations of the EDM machined surface area. Minitab 17 was 
employed to conduct MANOVA, which was based on four multivariate tests, including 
Wilk’s test, Lawley-Hotelling test, Pillai’s test, and Roy’s largest root test. If the p-value 
for a process parameter was less than 0.05, it was inferred that its effect on the chemical 
composition of the surface EDM machined area was statistically significant. Table 25 
shows the results of the MANOVA.  
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Table 25. 
The MANOVA table for element characterization. 
MANOVA for the TN-coating     
Criterion  Test stat. F-value DF-num. DF-denom. P-value 
Wilks’ 0.80932 1.61 6 41 0.169 
Lawley-Hotelling 0.2356 1.61 6 41 0.169 
Pillai’s 0.19068 1.61 6 41 0.169 
Roy’s 0.2356         
      
MANOVA for voltage     
Criterion  Test stat. F-value DF-num. DF-denom. P-value 
Wilks’ 0.53811 2.482 12 82 0.008 
Lawley-Hotelling 0.73611 2.454 12 80 0.009 
Pillai’s 0.52768 2.509 12 84 0.007 
Roy’s 0.48297         
      
MANOVA for capacitance     
Criterion  Test stat. F-value DF-num. DF-denom. P-value 
Wilks’ 0.4701 3.133 12 82 0.001 
Lawley-Hotelling 0.95191 3.173 12 80 0.001 
Pillai’s 0.6123 3.089 12 84 0.001 
Roy’s 0.70234         
      
MANOVA for electrode rotational speed     
Criterion  Test stat. F-value DF-num. DF-denom. P-value 
Wilks’ 0.73259 1.15 12 82 0.333 
Lawley-Hotelling 0.35492 1.183 12 80 0.31 
Pillai’s 0.2748 1.115 12 84 0.359 
Roy’s 0.32373         
 
Based on Table 25, the p-values for both the TN-coating and electrode rotational 
speed were more than α-level, i.e. 0.05. Therefore, the effects of these two factors on the 
chemical composition of the machined area were insignificant. On the other hand, the p-
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values of voltage and capacitance were less than 0.05. Therefore, their effects were 
statistically significant.  
Analysis of variance (ANOVA). The results of MANOVA showed that voltage 
and capacitance were the significant parameters. For comprehensive study of the main 
effects and interaction effect of these parameters on each element concentration, general 
factorial regression was conducted using Minitab 17. 
Table 26 shows the ANOVA table for Ti. The p-values of the main effects and 
interaction effect were less than α-level. Therefore, it was inferred that the effects of 
voltage, capacitance, and their interaction on Ti concentration were significant. 
 
Table 26. 
The ANOVA table for Ti. 
Source DF SS MS F-Value P-value 
Model 8 583.7 72.96 6.39 0.000 
 Linear 4 462.8 115.69 10.14 0.000 
 Voltage 2 128.0 64.02 5.61 0.007 
 Capacitance 2 334.7 167.37 14.67 0.000 
 2-Way Interactions 4 120.9 30.23 2.65 0.045 
 Voltage*Capacitance 4 120.9 30.23 2.65 0.045 
 
Table 27 shows the ANOVA table for Al. The p-value of voltage was less than α-
level. Therefore, the effect of voltage on Al concentration was significant. Nonetheless, 
the effects of capacitance and the interaction effect on the concentration of Al were 
insignificant. 
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Table 27. 
The ANOVA table for Al. 
Source DF SS MS F-Value P-value 
Model 8 5.513 0.6891 3.09 0.007 
 Linear 4 4.066 1.0165 4.56 0.004 
 Voltage 2 2.861 1.4305 9.42 0.004 
 Capacitance 2 1.205 0.6024 2.70 0.078 
 2-Way Interactions 4 1.447 0.3618 1.62 0.185 
 Voltage*Capacitance 4 1.447 0.3618 1.62 0.185 
 
Table D9 shows the ANOVA table for V. The p-values of the main effects and 
interaction effect were more than α-level. Therefore, the effects of voltage, capacitance, 
and their interaction on V concentration were insignificant.  
Table 28 shows the ANOVA table for C. The p-values of voltage and capacitance 
were less than α-level. Therefore, the effects of voltage and capacitance on C 
concentration were significant. Nonetheless, their interaction effect on the concentration of 
C was insignificant. 
 
Table 28. 
The ANOVA table for C. 
Source DF SS MS F-Value P-value 
Model 8 174.86 21.857 3.92 0.001 
 Linear 4 120.61 30.153 5.41 0.001 
 Voltage 2 36.68 18.341 3.29 0.046 
 Capacitance 2 83.93 41.965 7.53 0.002 
 2-Way Interactions 4 54.25 13.562 2.43 0.061 
 Voltage*Capacitance 4 54.25 13.562 2.43 0.061 
 
Table 29 shows the ANOVA table for W. The p-values of voltage and capacitance 
were less than α-level. Therefore, the effects of voltage and capacitance on W 
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concentration were significant. Nonetheless, their interaction effect on the concentration of 
W was insignificant. 
 
Table 29. 
The ANOVA table for W. 
Source DF SS MS F-Value P-value 
Model 8 264.73 33.092 6.03 0.000 
 Linear 4 212.68 53.169 9.68 0.000 
 Voltage 2 94.46 47.229 8.60 0.001 
 Capacitance 2 118.22 59.109 10.76 0.000 
 2-Way Interactions 4 52.06 13.015 2.37 0.067 
 Voltage*Capacitance 4 52.06 13.015 2.37 0.067 
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The main effects plots of voltage and capacitance on element characterization are 
shown in Figure 35.  
 
 
 
 
 
 
 
Figure 35. The main effects of voltage and capacitance on the elements. 
 
Table 30 shows the effects of the micro-EDM process parameters on the 
concentration of the chemical elements of the EDM machined area. 
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Table 30. 
Element characterization - the main effects and interaction effects. 
Process parameters Ti Al V C W 
Voltage Yes 
(varied) 
Yes 
(decreasing) 
No Yes 
(varied) 
Yes 
(increasing) 
Capacitance Yes 
(increasing) 
No No Yes 
(decreasing) 
Yes 
(decreasing) 
Voltage*capacitance Yes No No No No 
TN-coating No No No No No 
RPM No No No No No 
Other interact. effects No No No No No 
 
The Micro-EDM Machined Surface Topography Using SEM 
The SEM images showed the morphology of craters produced by the electrical 
discharge in micro-EDM. These images depicted how the shape and size of the craters 
changed by increasing the discharge energy. Figures 36 and 37 show SEM images of the 
EDM machined area and its corresponding discharge energy. 
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   Uncoated WC electrode Parameter settings TN-WC electrode 
 
Voltage: 60 V 
Capacitance: 30 pF 
Rotation: 4500 RPM 
Discharge energy: 0.05 µJ 
 
 
Voltage: 90 V 
Capacitance: 30 pF 
Rotation: 3000 RPM 
Discharge energy: 0.12 µJ 
 
 
Voltage: 112 V 
Capacitance: 30 pF 
Rotation: 1000 RPM 
Discharge energy: 0.19 µJ 
 
 
Voltage: 60 V 
Capacitance: 1000 pF 
Rotation: 4500 RPM 
Discharge energy: 1.80 µJ 
 
 
Voltage: 90 V 
Capacitance: 1000 pF 
Rotation: 3000 RPM 
Discharge energy: 4.05 µJ 
 
Figure 36. SEM images - the discharge energy from 0.05 µJ to 4.05 µJ. 
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Uncoated WC electrode Parameter settings TN-WC electrode 
Voltage: 112 V 
Capacitance: 1000 pF 
Rotation: 1000 RPM 
Discharge energy: 6.27 µJ 
 
Voltage: 60 V 
Capacitance: 4700 pF 
Rotation: 4500 RPM 
Discharge energy: 8.46 µJ 
 
Voltage: 90 V 
Capacitance: 4700 pF 
Rotation: 3000 RPM 
Discharge energy: 19.04 µJ 
 
Voltage: 112 V 
Capacitance: 4700 pF 
Rotation: 1000 RPM 
Discharge energy: 29.48 µJ 
 
Figure 37. SEM images – the discharge energy from 6.27 µJ to 29.48 µJ. 
 
Figures 36 and 37 provide a qualitative comparison among the surface topography 
of the machined area in different level of the discharge energy. By increasing the 
discharge energy, the crater size and consequently the surface roughness were increased. 
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The Optimal Process Parameters 
The combination of the optimal process parameter settings can be identified to 
achieve the desired set of responses. Before finding the optimal values, it is important to 
define the responses to be included in the analysis as well as their desired values. In this 
study, the important response variables were machining time, tool wear, crater size, and 
microhardness. Moreover, it was assumed that their weights and importance were equal. 
The response optimizer of Minitab 17 was used to find the optimal parameters. The 
confidence level of 95% was defined for all intervals.  
Two sets of desired responses were assumed in this study. The goals of the first set 
were minimizing machining time, tool wear, and the crater size, while there was no 
change in the microhardness. Table 31 shows the assumptions made for the response 
variable and the optimal values for the first set. Figure 38 shows the optimization plot for 
the first set of responses.    
 
Table 31. 
The assumptions and the optimal values for the first set of response variables. 
Response Goal Lower value Upper value Weight Importance 
Machining time (sec.) Minimum 17 896 1 1 
Tool wear (µm) Minimum 2.4 7 1 1 
Crater size (µm) Minimum 0.94 13.46 1 1 
      
Optimal parameters Machining time 
fit 
Tool wear (∆l) 
fit Crater size fit Electrode Voltage Capacitance RPM 
TN-WC 60 4700 1000 263.7 sec. 2.5µm 1.56 µm 
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Figure 38. The optimization plot for the first set of response variables. 
 
The goals of the second set were minimizing machining time, tool wear, and the 
crater size, while maximizing the microhardness. Table 32 shows the assumptions made 
for the response variable and the optimal values for the second set. Figure 39 shows the 
optimization plot for the second set of responses.    
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Table 32. 
The assumptions and the optimal values for the second set of response variables. 
Response Goal Lower value Upper value Weight Importance 
Machining time (sec.) Minimum 17 896 1 1 
Tool wear (µm) Minimum 2.4 7 1 1 
Crater size (µm) Minimum 0.94 13.46 1 1 
Microhardness (HV) Maximum 372 505 1 1 
      
Optimal parameters Machining 
time fit 
Tool wear 
(∆l) fit 
Crater size 
fit 
Hardness 
fit Electrode Voltage Capacitance RPM 
TN-WC 60 4700 3000 237 sec. 3µm 1.26 µm 475.5 HV 
 
 
 
Figure 39. The optimization plot for the second set of response variables. 
  
Cur
High
Low
D: 0.8385
Optimal
Predict
d = 0.86957
Minimum
Tool Wea
y = 3.0
d = 0.77820
Maximum
Hardness
y = 475.50
d = 0.97444
Minimum
Crater S
y = 1.260
d = 0.74972
Minimum
Machinin
y = 237.0
D: 0.8385
Desirability
Composite
1000
4500
30
4700
60
112
0
1
Voltage Capacita RPMCoating
1 60 4700 3000
  
95 
Conclusion 
In this research, the RC-type micro-EDM machine was utilized to conduct an 
experimental study in micro-EDM of Ti-6AL-4V alloy. The purpose of this study was to 
determine the relationship between the micro-EDM process parameters and the response 
variables as well as to find the optimal process parameters. After analyzing the resulting 
data and evaluating the results, the researcher was able to conclude about the previously 
stated research questions. 
The first question raised in this research was about the effect and significance of 
the process parameters and the response variables. Using the factorial design, a series of 
experiments, regression analysis, ANOVA, and MANOVA, the relationship between the 
micro-EDM process parameters and the response variables were defined. The results of 
the regression analyses between the discharge energy and the response variables are 
shown in Table 33. The crater size, machining time, and tool wear had a very good fit of 
their trend lines with the data, respectively. Nonetheless, the model for prediction of the 
microhardness based on the discharge energy was not a good fit. 
 
Table 33. 
The summary table of the regression analyses. 
x=Discharge Energy (µJ) Model R-squared Good fit 
Machining time y = 169.99x-0.43 R² = 0.9184 Yes 
Tool wear y = 4.3487x-0.117 R² = 0.91 Yes 
microhardness y = 427.63x0.013 R² = 0.523 No 
Crater size y = 3.4543x0.3853 R² = 0.9931 Yes 
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The main effects and the interaction effects of the micro-EDM process parameters 
on the response variable were analyzed through the application of full factorial design and 
an analysis of variance. Tables 34, 35, 36, and 37 show these results for voltage, 
capacitance, the TN-coating, and electrode rotational speed (RPM), respectively. 
Three criteria are shown in these tables, including direction, significance, and 
contribution. The direction showed the effects of increasing the values of the process 
parameters on the response variables. The significance depended on the p-value in 
relevant ANOVA tables. The parameters with the p-value of less than 0.05 were 
statistically significant. The contribution discussed the role of the parameter in the 
response changes. In this study, the cut-off criteria was arbitrary defined by the researcher 
as 10%. Therefore, the parameters with the contribution more than 10%, were considered 
as high. Finally, the overall performance was defined based on these criteria. If the 
direction was varied, the effect was insignificant, or the contribution was low, the overall 
effect was not important.   
 
Table 34. 
The summary table of the effect of voltage. 
Voltage Machining time Tool wear Microhardness Crater size 
Direction Decreasing Varies (~Flat) Decreasing Increasing 
Significance Yes No Yes Yes 
Contribution High Low No High 
Overall importance Yes No No Yes 
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Table 35. 
The summary table of the effect of capacitance. 
Capacitance Machining time Tool wear Microhardness Crater size 
Direction Decreasing Decreasing Increasing Increasing 
Significance Yes Yes Yes Yes 
Contribution High High High Low 
Overall importance Yes Yes Yes No 
 
Table 36. 
The summary table of the effect of the TN-coating.  
TN-coating Machining time Tool wear Microhardness Crater size 
Direction Decreasing Decreasing (~Flat) Flat Decreasing 
Significance Yes No No Yes 
Contribution Low Low Low Low 
Overall importance No No No No 
 
Table 37. 
The summary table of the effect of the RPM. 
RPM Machining time Tool wear Microhardness Crater size 
Direction Decreasing Increasing (~Flat) Varied Decreasing (~Flat) 
Significance Yes No Yes No 
Contribution Low Low Low Low 
Overall importance No No No No 
 
The overall importance of the micro-EDM process parameters on the response 
variables are shown in Table 38. 
 
Table 38. 
The summary table of the overall importance. 
Overall importance Machining time Tool wear Microhardness Crater size 
Voltage  Yes (decreasing) No No Yes (increasing) 
Capacitance Yes (decreasing) Yes (decreasing) Yes (increasing) No 
TN-coating No No No No 
RPM No No No No 
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Three levels of analyses were conducted on element characterization. OFAT 
analysis showed that the concentrations of Ti, C, and W were changed with the discharge 
energy. MANOVA demonstrated that voltage and capacitance were significant parameters 
in element characterization. The third analysis, i.e. ANOVA, provided more details on the 
effects of voltage and capacitance on each element concentration. While voltage decreased 
Al concentration and increased W concentration, its effect on Ti and C concentrations 
were varied. Capacitance increased the Ti concentration and decreased C and W 
concentrations. 
The second question was about the optimal values of the micro-EDM process 
parameters for a specific set of response variables. The study concluded that knowing the 
importance and weight of each response variable as well as the limitations in the 
production line, the optimal parameters could be defined using the full factorial design and 
an analysis of variance. Two sets of desired response variables were defined. The goals of 
the first set were minimizing machining time, tool wear, and crater size, while there was 
no change in the microhardness. The optimal parameters for the first set were found to be 
the TN-coated electrode, a voltage of 60 V, a capacitance of 4700 pF, and the electrode 
rotational speed of 1000 RPM. The goals of the second set were minimizing machining 
time, tool wear, and crater size, while maximizing the microhardness. The optimal 
parameters for the first set were found to be the TN-coated electrode, a voltage of 60 V, a 
capacitance of 4700 pF, and the electrode rotational speed of 3000 RPM. 
Suggestions for Further Research 
There were three suggestions for further research that resulted from this study. The 
first suggestion would be to conduct the same experiments and analysis with a machine 
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equipped with the servo control and the dielectric flushing systems. This research was 
conducted with a machine without these features, which may affect the resulting data.  
One of the response variables in this research was element characterization of the 
EDM machined area. The combination of EDS analysis and X-ray diffraction (XRD) 
would provide more information on element characterization. The second suggestion 
would be to investigate the correlation between the chemical compositions of the 
machined area and other response variables such as microhardness and surface roughness.  
The models provided in this study to predict the response variables were based on 
the energy level. More research could be conducted to verify these models with different 
and expanded ranges of the discharge energy. The energy level studied in this research 
ranged from 0.05 µJ to 29.48 µJ in nine non-uniform levels of the discharge energy. The 
third suggestion would be to investigate higher levels of the discharge energy to assess the 
validity of the model provided based on the discharge energy.  
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Appendix A: Abbreviations 
AgW .............................................................................................................. Silver tungsten 
ANOVA ................................................................................................ Analysis of variance 
ATM ............................................................................................. Atomic force microscopy 
BSE .................................................................................................... Backscattered electron 
C ........................................................................................................................ Capacitance 
Cu .............................................................................................................................. Copper 
CuW ............................................................................................................. Copper tungsten 
EDM .................................................................................... Electrical discharge machining 
EDS .......................................................................... Energy dispersive X-ray spectroscopy 
gf ........................................................................................................................... gram force 
Gr ............................................................................................................................. Graphite 
HAZ ......................................................................................................... Heat affected zone 
HV .............................................................................................................. Vickers hardness 
Ip ........................................................................................................................ Peak current 
kV ............................................................................................................................. Kilovolt 
LaB6 ................................................................................................. Lanthanum hexaboride 
MANOVA ........................................................................ Multivariate analysis of variance 
Micro-EDM ............................................................... Micro-electrical discharge machining 
MRR ................................................................................................... Material removal rate 
pF .......................................................................................................................... Pico-farad 
RC ..................................................................................................... Resistance-capacitance 
Ra ............................................................................................................ Roughness average 
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RPM ................................................................................................. Revolutions per minute 
REW ................................................................................................ Relative electrode wear 
SE ........................................................................................................... Secondary electron 
SEI ................................................................................................Secondary electron image 
SEM ....................................................................................... Scanning electron microscopy 
SR ............................................................................................................. Surface roughness 
SS ............................................................................................................................ Spot size 
T .............................................................................................................................. Titanium  
TN ................................................................................................................ Titanium nitride  
T off ................................................................................................................. Pulse off time  
T on .................................................................................................................. Pulse on time 
TWR ............................................................................................................. Tool wear ratio 
um3 ............................................................................................................ Cubic micrometer 
V ............................................................................................................................... Voltage 
W ............................................................................................................................ Tungsten 
WC ............................................................................................................. Tungsten carbide 
WD ............................................................................................................ Working distance  
WEDM ........................................................................ Wire electrical discharge machining 
XRD ............................................................................................................ X-ray diffraction 
µEDM ........................................................................ Micro electrical discharge machining 
µJ ......................................................................................................................... micro joule 
µm ...................................................................................................... Micrometer or micron 
∆l ....... Variation of the electrode length after machining from its length before machining 
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Appendix B: Published literature 
Table B1. 
Published literature on the RC-Type micro-EDM. 
# 
Reference 
(Authors and 
year) 
Work 
piece 
Electrode 
& its 
diameter 
Dielectric 
Type 
Capacitance 
(pF) 
Supply 
Voltage 
(v) 
Tool 
rotational 
speed 
(rpm) 
Resistance 
(Ω) Results/findings 
1 
Jahan, M., 
Kakavand, P., 
Kwang, E., 
Rahman, M., & 
Wong, Y. (2015) 
Al alloy 
(AA 
2024) 
W -  
200 µm 
Deionized 
water 
470, 1000, 
4700, 10000 
140, 
160, 
180, 200 
180, 360, 
720, 1440 
220, 470, 
1000, 4700 
Optimal parameters: 
10000 pF, 160 V, 720 
rpm, 470 Ω, 80% 
threshold, 10µm/s, 50 
k 
2 
Jahan, M. P., 
Rahman, M., & 
Wong, Y. (2011)  
WC-Co W -  500 µm 
Total 
EDM oil 3 
+ Graphite 
powder 
47, 10, stray 
(7 pF) 
60, 80, 
100, 120 - 
Fixed to 1 
KΩ 
Optimal parameters: 
0.2 g/L concentration 
of graphite powder, 
stray (7pF), 60 V 
3 
Jahan, M. P., 
Wong, Y., & 
Rahman, M. 
(2010) 
"WC-
Co 
W -  
200 µm 
Total 
EDM oil 3 2200, 10000 
80, 100, 
120, 140 - 
Fixed to 1 
KΩ 
Micro-EDM with 
different parameters 
created better results 
in WC-Co  than SUS 
304 
4 
Yu, Z. Y., 
Rajurkar, K. P., 
and Narasimhan, 
J. (2003) 
SUS 
304" 50 µm 
Deionized 
water / 
mineral oil 
10, 100, 220, 
3300 
70, 80, 
100 - - 
Focus on the 
importance of aspect 
ratio, debris 
contribution, 
dielectric and tool 
path 
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# 
Reference 
(Authors and 
year) 
Work 
piece 
Electrode 
& its 
diameter 
Dielectric 
Type 
Capacitance 
(pF) 
Supply 
Voltage 
(v) 
Tool 
rotational 
speed 
(rpm) 
Resistance 
(Ω) Results/findings 
5 Natarajan, N., & Suresh, P. (2015) 
AISI 
304 / 
Silicon 
Brass -  
500 µm 
Total 
EDM oil 3 
10000, 
100000, 
400000 
80, 90, 
100 100 
Fixed to 1 
KΩ 
Increasing discharge 
energy were led to 
increase in overcut, 
TWR, and MRR 
6 
Singh, A. K., 
Patowari, P. K., & 
Deshpande, N. V. 
(2013) 
SS 304 W -  300 µm 
Hydrocarb
on oil 
33, 100, 
1000, 10000 
75, 100, 
125, 150 - - 
Developed a model to 
predict the microhole 
diameter. They 
reported capacitance 
as the most important 
factor for overcut. 
7 
Tai, T. Y., 
Masusawa, T., & 
Lee, H. T. (2007) 
Brass 
thin 
sheet 
W -  
26 µm 
Mitsui 
EDS oil 
20, 80, 220, 
3300 
60, 80, 
100 - - 
Precise machining in 
the range of 60 to 100 
V. Detrimental effect 
of stray capacitance 
with a value of 20pF 
or smaller. 
8 
Porwal, R. K., 
Yadava, V., & 
Ramkumar, J. 
(2013) 
 Tool 
steel 
SKD61 
WC -  
500 µm EDM oil 
10000, 
100000, 
400000 
90, 100, 
110, 
120, 
130, 140 
110, 140, 
170 - 
130 V for gap 
voltage, 10000 pF for 
capacitance, and 170 
rpm for electrode 
rotation 
9 
Shao, B., & 
Rajurkar, K. P. 
(2013) 
Ti-6Al-
4V W Kerosene 10, 100, 220 70, 110 - - 
9.4% of the pulse 
energy was 
distributed to the 
anode and 3.6% to 
the cathode 
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# 
Reference 
(Authors and 
year) 
Work 
piece 
Electrode 
& its 
diameter 
Dielectric 
Type 
Capacitance 
(pF) 
Supply 
Voltage 
(v) 
Tool 
rotational 
speed 
(rpm) 
Resistance 
(Ω) Results/findings 
10 
Kadirvel, A. & 
Hariharan, P. 
(2014) 
Ti-6Al-
4V 
AgW -  
300 µm EDM oil 3 
100, 1000, 
10000, 
100000 
80, 100, 
120, 140 - - 
100 pF, 80 V, 20% 
threshold, 4 µm/s. 
The most influencing 
factors were 
capacitance & 
threshold, followed 
by voltage, & feed 
rate. 
11 
Sundaram, M. M., 
Pavalarajan, G. 
B., & Rajurkar, 
K. P. (2008) 
EN 24 
die 
steel 
W -  
200 µm 
Common
wealth 
Oil’s 
EDM 185 
1000, 3300 - - - 
The vibration at 60% 
of the peak power and 
capacitance of 3300 
pF 
12 
Jahan, M. P., 
Wong, Y., & 
Rahman, M. 
(2009b) 
A2 tool 
steel 
W -  
200 µm &  
300 µm 
Total 
EDM oil 3 
60, 80, 100, 
120, 140 
100, 
220, 
470, 
2200, 
4700 
- 
Fixed to 1 
KΩ 
The discharge energy 
can be easily 
controlled or reduced 
in RC-type power 
supply. Therefore, it 
is more suitable for 
producing accurate 
and smooth surfaces 
comparing to 
transistor type. 
Note. Table is sorted based on the appearance of literature in the text. 
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Appendix C: Full Factorial Design Settings 
Table C1. 
Process parameter settings based on full factorial design. 
Trial 
No. 
Electrode 
Type 
Servo Voltage 
(V) 
Capacitance 
(pf) 
Electrode Rotation 
(RPM) 
1 WC 60 30 1000 
2 WC 60 30 2500 
3 WC 60 30 4000 
4 WC 60 1000 1000 
5 WC 60 1000 2500 
6 WC 60 1000 4000 
7 WC 60 4700 1000 
8 WC 60 4700 2500 
9 WC 60 4700 4000 
10 WC 90 30 1000 
11 WC 90 30 2500 
12 WC 90 30 4000 
13 WC 90 1000 1000 
14 WC 90 1000 2500 
15 WC 90 1000 4000 
16 WC 90 4700 1000 
17 WC 90 4700 2500 
18 WC 90 4700 4000 
19 WC 112 30 1000 
20 WC 112 30 2500 
21 WC 112 30 4000 
22 WC 112 1000 1000 
23 WC 112 1000 2500 
24 WC 112 1000 4000 
25 WC 112 4700 1000 
26 WC 112 4700 2500 
27 WC 112 4700 4000 
28 WC-TN 60 30 1000 
29 WC-TN 60 30 2500 
30 WC-TN 60 30 4000 
31 WC-TN 60 1000 1000 
32 WC-TN 60 1000 2500 
33 WC-TN 60 1000 4000 
34 WC-TN 60 4700 1000 
35 WC-TN 60 4700 2500 
36 WC-TN 60 4700 4000 
37 WC-TN 90 30 1000 
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Trial 
No. 
Electrode 
Type 
Servo Voltage 
(V) 
Capacitance 
(pf) 
Electrode Rotation 
(RPM) 
38 WC-TN  90  30 2500 
39 WC-TN 90 30 4000 
40 WC-TN 90 1000 1000 
41 WC-TN 90 1000 2500 
42 WC-TN 90 1000 4000 
43 WC-TN 90 4700 1000 
44 WC-TN 90 4700 2500 
45 WC-TN 90 4700 4000 
46 WC-TN 112 30 1000 
47 WC-TN 112 30 2500 
48 WC-TN 112 30 4000 
49 WC-TN 112 1000 1000 
50 WC-TN 112 1000 2500 
51 WC-TN 112 1000 4000 
52 WC-TN 112 4700 1000 
53 WC-TN 112 4700 2500 
54 WC-TN 112 4700 4000 
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Appendix D: ANOVA Tables for Insignificant Parameters 
Table D1. 
ANOVA for machining time – the TN-coating effect. 
SUMMARY      
Groups Count Sum Average Variance   
Uncoated 9 2102.333 233.5926 45966.33   
Coated 9 1663.222 184.8025 50863.36   
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between 
Groups 10712.14 1 10712.14 0.221257 0.644432 4.493998 
Within Groups 774637.5 16 48414.84    
Total 785349.6 17         
 
Table D2. 
ANOVA for machining time - electrode rotational speeds. 
SUMMARY  
    
Groups Count Sum Average Variance   
1000 RPM 10 2314.074074 231.40741 52844.79   
3000 RPM 10 2080.37037 208.03704 40762.44   
4500 RPM 10 1881.481481 188.14815 34009.26   
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between 
Groups 9377.0187 2 4688.5094 0.110217 0.89604 3.354131 
Within Groups 1148548.4 27 42538.83    
Total 1157925.4 29         
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Table D3. 
ANOVA for tool wear (Δl) – the TN-coating effect. 
SUMMARY       
Groups Count Sum Average Variance   
Uncoated 9 38.16667 4.240741 1.166821   
Coated 9 37.45556 4.161728 2.022905   
       
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between Groups 0.028093278 1 0.028093 0.017615 0.896069 4.493998 
Within Groups 25.51780521 16 1.594863    
Total 25.54589849 17         
 
Table D4. 
ANOVA for tool wear - electrode rotational speeds. 
SUMMARY       
Groups Count Sum Average Variance   
1000 RPM 9 37.483333 4.164815 1.755309   
3000 RPM 9 37.716667 4.190741 1.361535   
4500 RPM 9 38.233333 4.248148 1.553156   
       
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between Groups 0.032737 2 0.016368 0.010515 0.989545 3.402826105 
Within Groups 37.36 24 1.556667    
Total 37.39274 26         
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Table D5. 
ANOVA for the microhardness – the TN-coating effect. 
SUMMARY       
Groups Count Sum Average Variance   
Uncoated 9 3884.5 431.6111 337.625   
Coated 9 3880.33333 431.1481 400.0656   
       
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between 
Groups 0.964506 1 0.964506 0.002615 0.95985 4.493998 
Within Groups 5901.525 16 368.8453    
Total 5902.489 17         
 
Table D6. 
ANOVA for the microhardness - electrode rotational speeds. 
SUMMARY       
Groups Count Sum Average Variance   
1000 RPM 9 3859.5 428.8333 601.0938   
3000 RPM 9 3846.25 427.3611 284.1736   
4500 RPM 9 3941.5 437.9444 495.7934   
 
      
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between Groups 591.5602 2 295.7801 0.642506 0.534782 3.402826 
Within Groups 11048.49 24 460.3536    
Total 11640.05 26         
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Table D7. 
ANOVA for the crater size – TN coating effect. 
SUMMARY       
Groups Count Sum Average Variance   
Uncoated 9 55.1987 6.1332 16.3831   
Coated 9 50.2413 5.5824 14.5726   
 
      
ANOVA       
Source of 
Variation SS df MS F P-value F critical 
Between Groups 1.3653 1 1.3653 0.0882 0.7703 4.4940 
Within Groups 247.6459 16 15.4779    
Total 249.0112 17         
 
Table D8. 
ANOVA for the crater size - electrode rotational speeds. 
SUMMARY       
Groups Count Sum Average Variance   
1000 RPM 9 53.666 5.9629 16.08   
3000 RPM 9 52.325 5.8139 15.765   
4500 RPM 9 52.169 5.7966 14.481   
       
ANOVA       
Source of 
Variation SS df MS F P-value 
F 
critical 
Between Groups 0.1505 2 0.0753 0.0049 0.99514 3.403 
Within Groups 370.611 24 15.442    
Total 370.762 26         
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Table D9. 
The ANOVA table for V. 
Source DF SS MS F-Value P-value 
Model 8 2.5712 0.32140 0.86 0.560 
 Linear 4 2.2085 0.55212 1.47 0.227 
 Voltage 2 0.1007 0.05033 0.13 0.875 
 Capacitance 2 2.1078 1.05391 2.81 0.071 
 2-Way Interactions 4 0.3627 0.09067 0.24 0.913 
 Voltage*Capacitance 4 0.3627 0.09067 0.24 0.913 
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